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As early as 1865 the conception that alkaline substances were produced 
in muscular contraction along with lactic acid was current. Ranke (9 
suggested that creatine was an alkaline fatigue product. Attempts to 
measure directly the reaction changes due to activity have been limited to 
two types of experiment: first, with apparatus measuring pH changes 
through the carbon dioxide intake or output of isolated muscle; and second, 


through the application of intravital indicators. 

Using the first method Lipmann and Meyerhof (5) found that the pri- 
mary change in contracting frog’s muscle was alkaline, and that no acidity 
could be demonstrated by their method until several volleys of stimuli had 
been given. Margaria and collaborators (7) by the injection of indicators 
in the intact frog before isolating the muscle, showed that contraction was 
accompanied by an alkaline change which they estimated to be approxi- 
mately 0.5 pH. 

Our perusal of the literature has revealed no observations of reaction 
changes in muscle with circulation intact. Since it is known that the 
contraction products diffuse out of the muscle, an intact circulation would 
tend to minimize reaction changes. With the recent advances in the use 
of the glass electrode in determining pH electrometrically, a new approach 
to the problem is possible. 

METHOD. Since we desired to determine changes within or as close to 
the muscle cell as possible, a capillary glass electrode was used. The 
capillary could be inserted intercellularly and would therefore at least 
detect changes in the tissue fluids bathing the muscle cells. Electrodes 
with a sensitive tip in the form of a capillary were described and used for 


1 Supported in part by a grant from the Wisconsin Alumni Research Foundation. 
A preliminary report of these experiments was published, This Journal 119: 371, 
1937. 
2? Member of the Department of Surgery, University of Wisconsin. 
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determination of pH of resting tissues by Voegtlin et al. (11). We modified 
their technique by including the grid calomel half cell in the electrode as 
had been done before with electrodes of other shape (13). 

Corning glass 015, which is standard for glass electrodes, is used in 
making the capillary. The shank of the electrode is made of ordinary soft 
glass. Kroenig’s glass cement is used to cover the region of transition 
between thick glass and capillary. The entire electrode, except for the 
capillary, is coated with ceresin to prevent contact potentials due to wet- 
ting, ete., during use. Such electrodes after several days of soaking have 
a small asymmetrical potential, and give from 40 to 50 mv/pH. Calibra- 
tion of the electrodes on standard buffer solutions at the temperature of 
the animal is done before and after each experiment. 

For measuring pH potential we required an electrometer of marked 
stability. A vacuum tube voltmeter employing a D 96475 Western Elec- 
tric tube in a balanced electrometer circuit was constructed. The circuit 
is diagrammed in figure 1. A Leeds and Northrup type 2500b galvanome- 
ter whose sensitivity is 5 KX 10-!° amp/mm. was used. The resulting elec- 
trometer is very stable at a sensitivity of 40,000 mm/volt. It can be used 
by the null point method, or over short ranges as a scale potentiometer. 
Perfect linearity has been repeatedly demonstrated over a range of 0.25 
pH with our electrodes. At 40 mv/pH one millimeter on our scale equals 
0.0005 pH. 

A rabbit was anesthetized with sodium amytal intravenously. The fur 
was cut from the two hind legs and tail. The gastrocnemius muscle and 
sciatic nerve were exposed on one side, care being taken to prevent inter- 
ference with circulation. The nerve was ligated doubly as high in the 
thigh as possible and then cut between the ligatures. The entire fur 
covered surface of the animal was wrapped in moist cloths and the animal 
was placed between rubber sheets on a small operating board. By this 
procedure drying was prevented and static effects due to hair movement 
were eliminated. The peripheral end of the cut sciatic nerve was placed 
in a shielded stimulating electrode. One toe of the opposite hind foot was 
incised deeply enough to obtain a free flow of blood. 

Board and animal were then placed in an electrically shielded cage which 
was kept at a constant temperature of 96°F. Within this cage the sepa- 
rately shielded tube, the ground calomel half cell, and the capillary 
electrodes were kept at all times. The foot with cut toe was inserted 
into a separatory funnel filled with mammalian Ringer’s solution which 
through a stop-cock made liquid junction with the saturated KCI of the 
ground calomel half cell. The capillary of the electrode was then inserted 
into the belly of the muscle parallel with its fibers. Stimulation by drying 
was prevented by covering with a pad of gauze moistened with isotonic 
solution. Contact was made from the grid lead of the tube to the plati- 
num lead of the electrode. Figure 1 shows the resulting circuit. 


pH CHANGES IN MUSCLE AFTER CONTRACTION 


It was then possible, using the null point method, to balancs 
tentiometer output of the glass electrode system with the type hk 
ometer. During the first 30 to 40 minutes there was a rapid 
prolonged slow rise of the millivoltage reading to a relatively consta 
level. This phenomenon has been reported before (12). When the 
ings had become constant the instrument was used as a scale potentiomet 
unless the changes exceeded 0.20 pH. 
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Fig. 1 is a diagram of the balanced electrometer circuit of Barth, as modified by 
EE. J. Bernet, Dept. of Physics, University of Wisconsin. A separate Leeds & Nor- 
thrup No. 2420 galvanometer in conjunction with a Weston standard cell is used to 
balance the Type K potentiometer which is powered by an Eveready Air Cell 

* These resistances are banks of 1,000 © resistors which may be tapped at each 
1,000 Q. 


Before the muscle can be stimulated the electrometer must be shunted. 
pH changes cannot be observed during the stimulation because the glass 
electrode will transmit any potential change, whatever its source, and 
while we have carefully eliminated stimulus escape, it is impossible to 
eliminate the cumulative effect of the action spikes. While the size of the 
individual spike potential may be quite small on our scale the long period 
of the moving coil galvanometer will not permit it to recover before the 
next spike drives it farther from its resting point. During the time re- 
quired for a number of stimuli such a cumulative effect would be quite 
large. Since this accumulation effect on the galvanometer is impossible 
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if the electrometer is shunted readings may be resumed as soon as stimula- 
tion ceases. Thus during a period approximately 6 to 10 seconds longer 
than the period of the stimulus no readings are taken. Controls were of 
course necessary to show that after potentials were not included in our 
results. Stimuli are delivered at a constant rate of 5 per second from an 
0.1 microfarad condenser at 14 volts for whatever period is desired. 

By this method the pH of the tissue fluid between the muscle cells can 
be measured before and after isotonic contractions of striated muscle 
stimulated through its nerve in the anesthetized animal. 

Resutts. In more than 30 rabbits we have seen a typical pattern re- 
sponse of muscle pH after contraction. This pattern consists of an alkaline 
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Fig. 2. Plot of pH changes in gastrocnemius muscle of intact rabbit under amytal 
anesthesia. Muscle is stimulated through cut nerve at a fixed rate of 5 per second. 
pH range is from an arbitrary zero to indicate size of variations. No observations 
can be made during stimulation. Time is measured from insertion of glass electrode 
in muscle. Typical experiments illustrating pattern of response. 

A. 1.—5 sec. stim. 2.—10 sec. stim. 3.—15 sec. stim. 4.—30 sec. stim. 5.—60 
sec. stim. 


B. 1.—10 sec. stim. 2.—15 sec. stim. 3.—30 sec. stim. 


change which is receding as our readings are resumed, followed by an acid 
change which rapidly reaches a peak, then requires a considerable period 
for neutralization. Both the alkaline and acid phases are graded with 
length of stimulus. <A very short stimulus of 5 seconds (25 stimuli) may 
be unaccompanied by any acid change, the alkaline change being gradually 
neutralized and the plateau resumed. A prolonged stimulus, such as 30 
or 60 seconds (150 or 300 stimuli), sees the alkaline change already elimi- 
nated by the time our readings are resumed. 

Figures 2 and 3 show stimulation experiments in graphic form. The 
pH scale is from an arbitrary zero since our interest is in change, not in 
absolute value. Suffice it to say that the absolute value of the plateau 
line varies from 7.40 to 7.55, in good agreement with the figures published 
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by Voegtlin et al. (12) for resting rat muscle pH obtained with the capil- 
lary glass electrode. 

Figure 2A and B shows typical experiments illustrating the variability 
of response in different animals. Figure 3A is the graph of an experiment 
in which the muscle pH changes per second of stimulation were unusually 
marked, ten seconds’ stimulus producing a marked alkaline and acid change, 
20 seconds’ stimulus completely out-running the alkaline phase before our 
observations were resumed. In figure 3B the extent of pH change per 
second of stimulation is markedly depressed, probably due to the passage 
of more than five hours since cutting of the sciatic nerve. It is to be noted 
that a 120 second stimulus (600 stimuli) was necessary before the alkaline 
phase was eliminated by the time observations were resumed. 

The effect of deep anesthesia, depression of respiration by pneumo- 
thorax, and death, on the muscle pH is shown in figure 4. The immediate 
post mortem fall of pH is usually within a range of 0.20 to 0.30 pH. 
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Fig. 3. Conditions same as in figure 2. 

A. Graphic pH record of an experiment in which the stimulus was especially 
effective. 1.—10 sec. stim. 2.—20 sec. stim. 

B. Graphic pH record of an experiment in which muscle responses were depressed, 
probably due to the passage of more than 5 hours since cutting of the sciatic nerve 
1.—30 sec. stim. 2.—60 sec. stim. 3.—120 sec. stim. 


In a number of animals lactic acid formation was prevented by adminis- 
tration of purified sodium iodoacetate (100-150 mgm/kgm.) intrave- 
nously. It has been reported before that this drug causes rigor of the mus- 
culature in maximum alkaline state. Contraction of the muscles during 
the few minutes before rigor sets in is accompanied by only an alkaline 
change as is shown by figure 5. 

Since the magnitude of the pH change with any given stimulation varies 
due to numerous causes, quantitative results must be based on averages 
of trials in many animals. Table 1 gives such averages. The alkaline 
phase becomes greater and lasts longer with an increasing stimulation 
period up to 20 seconds (100 stimuli). More than 20 seconds’ stimulus 
on the average results in smaller and more transitory alkaline phases until 
between 30 and 60 seconds’ stimulation the alkaline phase has disappeared 
by the time our observations are resumed. The acid change on the other 
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hand is not evident with 5 seconds stimulation but increases with increas- 
ing stimulus. By our method stimuius to fatigue results in an acid change 
whose magnitude varies from 0.3 to 0.4 pH. Not enough data from stim- 
ulation periods above 30 seconds have been obtained to include in this 
summary, although results from such periods are shown in the figures. It 
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Fig. 4 Fig. 5 

Fig. 4. Illustrates the effect of anesthetic depression, and death by asphyxia on 
pH of gastrocnemius muscle of rabbit. 1.—Amytal 120 mgm. intraperitoneally. 
2.—Pneumothorax. 3.—Gasping ceased. 

Fig. 5. Illustrates blockage of acid changes in the gastrocnemius of a rabbit due 
to sodium iodoacetate given by vein. Stimulation at standard rate of 5 per second. 
1.—Na iodo. 100 mgm. 2.—Respiration ceased. 3.—10 sec. stim. 4.—70 sec. 
stim. to fatigue. 


TABLE 1 
Average pH changes in gastrocnemius muscle of intact rabbit due to isolonic twitches 
at a rate of 5 per second 
pH CHANGE TIME OF RECOVERY 


ALKALINE TIME INCLUD 
x SE NG STIMULUS 
Alkaline Acid PHASE ING STIMULUS 


NUMBER OF NUMBER OF PERIOD OF 
ANIMALS TRIALS STIMULATION 


seconds seconds minutes 
5 0.013 210 
10 0.014 0.019 63 10 
20 0.027 0.035 89 13 
30 0.007 0.063 60 19 


To fatigue 0.350 
is to be noted that degree of acidity increases with longer stimulation 


throughout. 
In the course of our experiments we have occasionally used frogs, rats, 


and guinea pigs. The general pattern of response was the same in all 


these experiments. 
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Discussion. We have found no reference to the effect of extran 
potential on the glass electrode system, and in the early phases 


traction, that action currents might be affecting our results. To test thi- 
possibility we placed two leads from a single dry cell (with variabl 

ance) in our separatory funnel with Ringer’s solution in which a gla 
electrode was suspended. Whatever potential was run from the dry cell 
through the Ringer’s solution summated directly with the pH potential! 
reading. On breaking the dry cell circuit the potential rose or fell, within 
the period of our galvanometer, to the pH potential previously present 

A similar extraneous potential effect was produced by rubbing a glas- 
rod lightly through the fur of a dry rabbit while the electrode was in the 
muscle. Out of these observations came the technique of wrapping the fur 
covered surface in wet cloths, to prevent static effects due to movement 
such as respiration or movement of the foot in response to sciatic stimula- 
tion. 

The period of changing potential which lasts 30 to 40 minutes after the 
capillary is inserted in the muscle was observed by Voegtlin and his co- 
workers (12) in their experiments on resting muscle pH in rats. They 
reported that this phenomenon did not occur in other tissues but was 
characteristic of muscle tissue. They attribute it to actual pH changes due 
to injury of muscle cells. It was our conception that while part of this 
might be actual pH change, a large part must be pure injury potential. 
With this in mind we inserted a Zn-ZnCl.-Ringer’s isoelectric electrode of 
capillary shape into the muscle and recorded the potential resulting. 
Since this potential was opposite in sign to the pH potential it would reduce 
the voltage output of the glass electrode. The injury potential gradually 
disappeared over the same period of time as was required for the pH poten- 
tial to reach a resting base-line. Its magnitude was such as to account for 
the difference between potential on insertion of the electrode and final 
base-line. 


work in 1935 we began to suspect, from the peculiar responses during con- 


The ability of the glass electrode system to be affected by extraneous 
potential necessitated control experiments to show that the changes after 
contraction were in reality pH changes, and not changes due to some other 
phenomenon. We have mentioned above that isoelectric electrodes were 
inserted in the muscle in the same manner as were the glass electrodes 
In this case there was no potential change after stimulation —the reading 
remained the same. In a series circuit such as is used here the smaller 
the resistance of the electrode the better chance it has to bring small 
potential effects to the electrometer. Since the resistance of the glass 
electrode is several thousand times that of the isoelectric electrode any 
potentials which might be adding to the pH potential after contraction 
would certainly show up when the isoelectric electrode was substituted for 
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the glass electrode. Since no potential changes were recorded by our sys- 
tem when the isoelectric electrode was used we conclude that no extra- 
neous potentials are affecting our results. 

Again, a glass electrode was placed in the subcutaneous tissue of the leg 
where a movement around the electrode would occur when the muscle was 
stimulated. Contraction of the muscle resulted in no change of reading. 
Since extraneous potentials would spread from the muscle to the sub- 
cutaneous tissue this phenomenon is another demonstration that after 
potentials are not recorded by our system. In another type of control 
experiment passive manipulation of the leg to give very forceful movement 
of the muscle around the electrode failed to evoke any change. 

That the magnitude of the response to any given stimulus varies in 
different animals, or in the same animal at different times, may be due to a 
number of factors. First, the state of anesthesia may influence the re- 
sponse. Second, the effectiveness of the nerve stimulus may vary with 
time after the nerve has been cut. (See fig. 3B.) Third, it is a common 
observation in analysing muscles for lactic acid after contraction that the 
changes show wide variability in different experiments. 

The ability of the muscular system to resist pH change with moderate 
amounts of work is well shown by our results, since 150 twitches produced 
an average change of only 0.06 pH. It should be remembered, however, 
that these muscles are unweighted, also that the changes here recorded are 
probably those occurring in the tissue spaces, not necessarily identical with 
those in the muscle fiber itself. pH changes in the blood of man after 
fatiguing exertion have been reported by Laug (3). He found changes of 
0.3 pH which are similar to our changes of 0.35 pH in fatigued muscle. 

The time required for the return of the muscle pH to its resting level 
after contraction compares well with the findings of other investigators, 
who have determined the rate of removal of contraction products from 
blood and muscle. With various rates and durations of contraction many 


authors have reported that recovery is a matter of a few minutes to hours, 
depending on the product considered, and the amount and rate of work 
done. 

All theories of muscle chemistry agree that the principal alkaline product 
of contraction is creatine, the principal acid one lactic acid. According 


to the Meyerhof cycle creatine alkalinity should predominate in initial 
activity, and the concentration of lactic acid should rise, though not pro- 
portionately, with increasing amounts of rapid work. This would produce 
pH changes of the pattern here reported. 

The fact that maximum acidity is not reached until several minutes 
after cessation of contraction may be caused by the delayed lactic acid 
formation first reported by Embden (2). However, the occurrence of 
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maximum acidity in the fiber may be earlier than the appearance of maxi- 
mum acidity in the tissue space as time may be required for diffusion to 


occur. Either or a combination of these phenomena may be responsible 


Under iodoacetic acid creatine is formed as before, and also ammonia is 
released from the breakdown of adenosine triphosphate (Parnas, 8 
These processes in the absence of lactic acid produce the alkaline changes 
after contraction, and the maximum alkaline state reported by Voegtlin 
et al. (12). 

One further series of controls seemed to be indicated to assure us that 
the pattern of reaction seen was present in the normal animal. We de- 
sired to eliminate anesthesia, artificial stimulation, and widespread expo- 
sure of the muscle. 

pH CHANGES AFTER VOLUNTARY CONTRACTION IN HUMAN STRIATED 
MUSCLE. Metuop. Adult male subjects were seated in a chair with the 
left arm pronated upon the arm-rest of an extensor ergograph. The legs 
of the chair and subject were insulated from the floor by glass and paraffin 
Under procaine desensitization of the skin an incision about 4 em. in length 
was made through the skin and superficial fascia over the belly of the ex- 
tensor digitorum communis, parallel with its fibers. Care was taken to 
render the field completely dry by tying off all small bleeders. The point 
under the deep fascia where greatest activity occurred when the digits 
were being extended was found by direct vision. In this locus an incision 
about 0.5 cm. in length was made through the deep fascia. 

A capillary glass electrode was sterilized for 24 hours before use in hexy] 
resorcinol solution 1:1000. After rinsing with sterile saline its capillary 
tip was inserted into the muscle parallel with its fibers. The ground con- 
nection to the subject was obtained through a saline-blood contact at the 
left shoulder. A few small scratches sufficiently deep to draw blood were 
made on the flattest portion of the superior surface of the shoulder. A 2 
cm. diameter glass funnel whose exit tube had been cut off was attached 
firmly to the skin around the scratches with collodion. When this was 
dry the funnel was filled with saline and a simple glass saline bridge (no 
bubbles tolerated) made connection from the subject to the separatory 
funnel filled with saline which was used for ground connection as in the 
previous rabbit experiments. 

Two principal differences between the technique in the rabbit and in the 
human experiments are that in the latter the electrodes are used at room 
temperature, and calibration of the electrodes is possible only after use, 
not before and after. The calibration was made with buffer solutions at 
body temperature. The electrical set-up and its handling were unchanged. 

Contractions were done voluntarily with and without load, and with 
the circulation either normal or blocked by a pressure cuff on the arm at 
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greater than systolic pressure. The changes in pH of the muscle, the 
number of contractions, the amount of work done, and the fatigue sensa- 
tions experienced were noted. 

Resutts. Four human experiments have been done. In no ease did 
the insertion effect seen in the rabbits occur. There was, however, a 
constant rise of base-line whose magnitude per minute was almost equal 


TABLE 2 
Results of four human experiments on reaction changes in the extensor digitorum 
communis following voluntary activity 


The results are grouped in the order of work performed 


CONTRACTIONS pH cHANGES 


TIME FOR 
PH ReE- SUBJECT 


SENSATION 
Alakaline Acid 


tion 
second 


Normal muscle group 


seconds grams grams/cm. minutes 


20 0 0 .023 None 

35 0 0 O18 None 
200 12 ,400 O18 4 None 
200 16 ,000 3} None 
200 16 ,200 041 None 
200 21,000 63 None 
200 23 ,000 048 5 None 
200 89 ,000 049 13 Marked 
200 250,000 .185 144 Marked 
200 310,000 241 17 Slight 


woe 


~ 


t 


~ 


] 
2 


~ 


t 


to 


Fatigued muscle group 


18,000 O 0.071 None 
26,400 0.030 0.096 103 None 
80,000 0 0.160 134 Slight 


Ischemic muscle group 


30 200 23,800 | 0.023 | 0.089 84 Pain .M. 
55 200 80,000 O 0.242 14 Pain |. M. 
45 1,200 390,000 0 0.708 18 ' Pain eee 


in all cases. Its value approximated 0.0015 pH per minute, and showed no 
change with the passage of time in the experiments. Contraction changes 
were superimposed on this rising base-line. 

In table 2 are summarised the results from these experiments grouped 
according to the condition of the muscle: normal, previously fatigued, and 
with blood supply obstructed. In each of these groups the reaction 
changes are recorded in the order of amount of work done. Three types 


Rate Dure- LIFTED DONE 
G. M. 
G. M. 
W. G. 
W. M. 
a W. M. 
2 W. G. 
C. M. 
W. M. 
a W. M. 
| ] W. G. 
2 7 200 W.G. 
2 55 200 W. M. 
2 
9 
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of postactivity reaction change are seen. With briet 
work only a rise of pH and return to the base-line results 


erate work a short-lived rise followed by a fall of pH 


base-line resulted. With severe work the alkaline 
before work ceased, and our observations after 
only a fall of pH followed by slow return. In ta 
complete experiment are given as obtained. 

The general pattern of response to contraction was identi 
seen in the rabbit. The degree of reaction change was related to 
amount of work done as well as to the rate of activity, and the previo 
condition of the muscle. In a muscle which had already undergon: 
marked fatigue the acidification per unit of work done was considerably 


TABLE 3 
Complete data from one typical human experiment (Subject 
tasks performed 


CONTRACTIONS pH CHANGES 
TIME FOR 
LOAD 


we 
LIFTED RK DONE 
Duration Alkaline Acid 


FATIGUE 


ENSé N 
Rate per SENSATIO 


second 


seconds grams grams/cm. 


15 200 21,000 0 0.018 } None 
10 200 12 ,400 0.018 0) .007 None 
2 120 200 310,000 0 0.241 Slight 
30 minute rest period 
Tourniquet applied, 150 mm. Hg pressure and contractions started 2 min. later. 
2 | 45 | 1,200 | 390,000 | 0 0.708 | 18 Pain 
pH recovery did not begin until 90 sec. after work ceased when tourniquet 
released. 
30 minute rest period 
45 1,200 250 ,000 0.185 } Marked 


4 200 18.800 0 O71 None 


increased. (See Fatigued Muscle Group, table 2 Interruption of th® 
circulation by a tourniquet did not alter the pattern of response, bu! 
heightened markedly the degree of acidification, reduced the work ability 
of the muscle, and brought on typical ischemic work pain which persisted 
until the tourniquet was released when it disappeared in a very few seconds. 
The acidification in the ischemic state after work progressed very rapidly 
for as long as two minutes until the tourniquet was released, whereupon 
an immediate and rapid neutralization started. 

As in the rabbit, with normal circulation maximum acidity was not 
developed until 1 to 2 minutes after work ceased. While a decreased pH 
was always present when fatigue sensation occurred, decreased pH was 
frequently present without the sensation of fatigue. In one individual 
only slight fatigue was experienced with a fall of 0.241 pH, marked fatigue 
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in another with only 0.049 pH fall. The latter subject later in his experi- 
ment had but slight fatigue with 0.160 pH fall. No evidence of a critical 
level of pH where fatigue sensation occurred was found, but the number of 
experiments is too small to be conclusive. 

Discussion. The rising base-line present in these experiments renders 
evaluation of the actual pH of the tissue difficult. In no experiment was 
the base-line ever below 7.05 nor above 7.45 pH. Two possible hypotheti- 
‘al mechanisms occur to us for this change of base-line: first, an extra- 
neous electrical change; second, alkalinization due to slow carbon dioxide 
diffusion from the muscle. It does not seem likely that this phenomenon 
is an insertion effect because of the fact that the rate of base-line change 
remained the same throughout experiments lasting more than 130 min- 
utes (timed from insertion of electrode). One would expect that the 
effect of carbon dioxide diffusion would reach an equilibrium before 130 
minutes. While this phenomenon may impair the absolute quantitive 
accuracy of the reaction changes we do not feel that it affects their relative 
accuracy since its rate is so slow and constant. 

Table 2 reveals that the size of the reaction change parallels fairly 
closely the amount of work performed even in different subjects. It is 
noted that the reaction changes occurring in these human muscles are much 
larger than those we reported for the rabbits. However, the conditions 
are different in that the human contractions were with a considerable load, 
moved by a rather weak muscle (extensor digitorum communis) whereas 
in the rabbit the strong gastrocnemius was used unweighted. 

As to the sensation of neuromuscular fatigue our results convey the 
impression that there is little or no correlation between pH level and the 
sensation, there being not only individual variation but also in the same 
subject at different times more work with greater fall of pH may evoke 
less discomfort than a smaller amount of work with less fall of pH. The 
number of experiments is too small to make these observations more than 
suggestive. 

The influence of applying the tourniquet alone without exercise was not 
tested over more than the two to two and one-half minutes allowed for 
arrest of circulation before work started. In two cases a very slow gradual 
fall of pH occurred, and in one no change was seen. More prolonged pe- 
riods of resting ischemia before work started were not used in this series 
of experiments to avoid the onset of fibrillary twitchings which occur on 
the return of circulation after 15 or more minutes of ischemia as reported 
by Reid (10). In no case did the period of ischemia used here last more 
than 6 minutes. 

MacWilliam and Webster (6) first differentiated ischemic work pain 
from the sensation of neuromuscular fatigue. Lewis, Pickering and 
Rothschild (4) showed that the cause of the ischemic pain was a chemical 
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entity or a physicochemical process to which they gave the nan 

Elliot and Evans (1) in a recent paper have brought forward 

gesting that Factor P may be lactic acid or pH change. Our ex) 11 
only show that very marked acid changes occur in contractions of ischemir 
muscle. They suggest that the application of the capillary glass electrode 
to human experiments on ischemic phenomena should prove fruitful 


i 


SUMMARY 


1. A capillary glass electrode has been applied to the study of res 
changes in mammalian striated muscle after contraction in situ in amy 
talized rabbits and in unanesthetized human subjects 

2. In rabbit and human muscle contraction was followed by an identi- 
cal pattern of pH change. With small amounts of work only alkaline 
changes resulted followed by gradual return to resting pH level. Greater 
amounts of work produced a small and short-lived rise of pH followed by a 
rapid fall of pH. This acid change was then very gradually neutralized. 

3. Increased work results in greater acidification at the rate of activity 
used in these experiments. The time required for recovery of resting 
reaction is related to the degree of acidity developed. 

4. Sodium iodoacetate heightened the alkaline phase and eliminated the 
acid phase after contraction in the rabbit. 

5. In three human subjects greater acidification per unit of work done 
occurred in previously fatigued than in normal muscles. 

6. Work done by human muscle rendered ischemic by a tourniquet was 
followed by marked acid changes (a fall of 0.71 pH in one case). 

7. The reaction changes recorded are probably those occurring in the 
tissue fluid between the muscle fibers and are not necessarily identical 
with changes within the fiber itself. 


We are indebted to Prof. J. A. E. Eyster and Dr. M. R. Krasno for help- 
ful assistance throughout the course of these experiments, to Dr. A. R. 
Curreri for surgical assistance, and to Dr. R. H. Fitch for early suggestions 
about technique. 


Since this manuscript was submitted a paper has appeared by M. Dubuisson 
(Pfliiger’s Arch. 239: 314, 1937) describing the application of the glass electrode to 
the study of the pH changes in the isolated muscle of the frog after isometric 
contractions in the anaerobic state. 
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In 1932 Bachromejew reported that the injection of epinephrine pro- 
duces a prompt and marked rise in the level of the potassium in the blood 
serum of cats. This observation was confirmed by D’Silva (1934, 1936 
with cats and rats, by Schwarz (1935) with rabbits, and by Marenzi and 
Gerschman (1936) with dogs. All! these investigators agreed that the 
response occurred within a minute or two after intravenous injection, 
that the elevation of the potassium concentration in the serum reached 
a maximum of 20 to 50 per cent above the normal resting level, and that 
the effect was transient, passing off more or less parallel to the return of 
the blood pressure to normal. 

It might seem that these studies firmly established the generality of 
an important relation between epinephrine and the serum potassium 
On the basis of this and other evidence, Camp (Camp and Higgins, 1936; 
Camp, 1937) has proposed the theory that the characteristic physiological 
action of epinephrine is a result, finally, of the liberation of potassium 
However, none of these investigations had been carried out on human 
beings; in a preliminary report (Keys, 1937a) it was shown that man 
behaves differently. The present study shows that the epinephrine- 
potassium relation is not only different in man but is actually reversed 
from what it is in the laboratory animals previously studied. 

Metuops. Normal healthy young men were used as subjects. All 
studies were carried out in the fasting state after at least 30 minutes’ rest 
in bed. Samples of blood were drawn under oil from the median basilic 
vein, without stasis; they were heparinized under oil at 0°C., and plasma 
was separated immediately by centrifugation under oil in calibrated 
hematocrit tubes at 0°C. for 90 minutes at 2800 R.P.M. In general, one 
blood sample was drawn before the injection of epinephrine, one within 
} to 3 minutes after the end of the injection, and other blood samples at 
increasingly long intervals during the succeeding hour. 

Dilutions (1:3000 or 1:5000) of epinephrine (‘‘adrenalin’’) chloride in 
isotonic saline solution were freshly prepared in each case from a standard 


1Now at University of Minnesota Medical School, Minneapolis, Minn 
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1:1000 solution. The epinephrine was injected intravenously over a 
period of from 14 to 3 minutes, the amounts being varied in different exper- 
iments from 0.005 to 0.30 mgm. of epinephrine chloride. 

Blood pressure and pulse records were continuously recorded; in all 
cases the systolic blood pressure reached a maximum of at least 190 mm. Hg 
within 3 minutes after injection, and in most cases rose to more than 200. 

Cell volumes were obtained from the hematocrit readings. Oxygen 
capacity was measured by the standard Van Slyke procedure, plasma 
total nitrogen by the Kjeldahl method. Water of cells and of plasma was 
determined by weighing, drying for 24 hours at 105°C. and reweighing. 


TABLE 1 
Summarized results of studies on H. Z., 19 years old, male, weight 67 kgm. 


Received 0.15 mgm. of epinephrine chloride (1.45 cc. of 1:3000 solution) intra- 
venously over a period of 2.5 minutes. (Time for blood samples are in minutes 
after end of injection of epinephrine.) 


| CONCENTRATIONS IN RED 


NCENTR: NS IN 
CONCENTRATIONS IN PLASMA CELLS 


TIME OF BLOOD 2 Milliequivalents per kgm. | Milliequivalents per kgm. 
SAMPLE 
Total 
H:0 N 
K | Na | K | Total) 
base base 


vols, 
minutes per 
cent 
Before injec- 19.52 ¢ 4.17 150.4 161.4 112.4 
tion of epi- 
nephrine* 
0.4 | 48.8 1.064 3.83 156.7 162.6 657 
1.0 49.4) 1.040) 3.84 150.3 157.5 109.6 666 
10.2 46.4 1.035 3.84 155.3'164.7112.4 663 
25 .2 43.3 1.016 3.89 151.2 164.4113.0 655 
47.5 19.36) 45.1) § 1.006 4.25 152.0'162.5 112.0) 652 


* After 33 minutes’ rest. 


The following methods were used for the mineral analysis: Na—Butler 
and Tuthill (1931); Cl—Keys (1937B); K—Hartzler’s modification of 
the method of Shohl and Bennett; total base—Keys (1936). All min- 
eral analyses were done in duplicate, those for potassium frequently 
in triplicate. 

Resutts. The first trial experiments gave the surprising result that 
epinephrine produced no rise in the plasma potassium but rather a pro- 
nounced fall. This was abundantly confirmed in careful experiments 
with serial collections of blood samples. The condensed results from 
a typical experiment are given in table 1. 

Identical studies were carried out on 6 normal men; the mean results 


128 170 96.3 
128 | 173 | 94.5 
120 | 160 
129 161 94.1 
122 | 170 | 95.5 
133 | 172 332 
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are summarized in figures 1 and 2. It is clear that concentrations in the 
cells, per unit of cell water, are substantially constant and unaltered by 


Effect of Epmephrine on Concentration 
in blood plasma - Means for 
6 Normal Men 
Cells 


+ nA 


Plasma Conc. as % of initial value 
oO 


10 20 30 40 50 
Time after injection -minutes 


Fig. 1. Effect of the intravenous injection of 0.2 mgm. of epinephrine chloride on 
the concentrations of red cells, and of sodium, total nitrogen, total base, chloride 
and potassium in the plasma of normal man. One and a half to three minutes used 
for injection of the epinephrine. All concentrations calculated per unit of plasma 
water, expressed as per cent change from the pre-epinephrine level. Mean values 
from studies on six subjects. 


Concentrations in Red Cells 
per unit cell water 
Means for 6 Normal Men 


Conc.-% of value 


20 30 40 50 
Time after injection - minutes 


Fig. 2. Concentration of potassium, chloride and total base in the water of the 
red cells, expressed as per went change from the pre-epinephrine level, in the same 
experiments given in figure 1. 


the epinephrine except for some rise in the potassium concentration 50 
minutes after the injection. In the plasma, on the other hand, there is 
a consistent and marked drop in the potassium immediately following 


| 
\ 
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! 


328 ANCEL KEYS 


the injection of epinephrine. The potassium level returns to normal in 
about 20 minutes and is significantly above the pre-epinephrine level 
at 50 minutes. 

Aside from the potassium, the blood shows a general hemoconcentration 
resulting from epinephrine. This is most marked in the rise in the red 
cell concentration but is also discernible in the level of plasma nitrogen 
and sodium. The major effects are over in 20 minutes and, at the end 
of 50 minutes, the concentration of all substances except potassium is 
back to the pre-epinephrine level. 

Similar effects, but more protracted in time, resulted from subcutaneous 
and intramuscular injections of epinephrine. The same general picture 


TABLE 2 
Effect of epinephrine on potassium and sodium concentration in blood plasma of 
unanesthetized rabbits 

Samples of blood taken from the left side of the heart before, and 2.5 minutes 
after, the injection of 0.05 mgm. of epinephrine chloride (0.05 ec. of 1/1000 solution) 
by ear vein. (Mean values, in milliequivalents per liter, from duplicate analyses. ) 

K Na 
RABBIT WEIGHT BLOOD SAMPLE 


Per cent Per cent 
M. eq L change _ change 


gm, 


2 


Before 5.14 
After 6.27 


Before 4.64 


2 
2,010 After 5.92 


Before 90 
After 6.91 +17.1 


also emerged on injection of as little as 0.005 mgm. of epinephrine chloride 
and on injection of the largest dose we thought safe to use, namely, 0.3 
mgm. into a man of 78 kgm. body weight. 

These results for man are diametrically opposed to those reported for 
eats, dogs, rabbits, and rats. Analytical error was excluded from the 
present studies by the fact that the triplicate analyses for potassium 
seldom varied by more than from 1 to 2 per cent. Accordingly, a number 
of experiments were done on iaboratory animals. 

Table 2 summarizes the results of three experiments on rabbits. There 
is a marked rise in the plasma potassium level similar to that reported 
by Schwarz (1935) in this species. Single experiments on a cat and on a 
dog likewise confirmed the reports of previous investigators. 

CoMMENT. There seems to be no alternative to the conclusion that 


+22.0 1.62 —0.6 
06 
+27 .6 166 —4.5 
172 +1.2 
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the effect of the administration of epinephrine on the | 


in the blood plasma is to produce, 1 

of man as compared with a still more m: 

and rats. The much larger doses used in most of the ani 

are not responsible, since a rise was also found in dogs after 

doses (Marenzi and Gerschman, 1936). Anesthesia was 

of the animal studies reported in the literature, but again this is 
sponsible and a rise in plasma potassium after epinephrine is fo 
unanesthetized animals (Marenzi and Gerschman, 1936; present studies 

It is not proposed to discuss here the details of the mechanism which 
elevates the plasma potassium in animals; these points are well covered 
in the papers by D’Silva and by Marenzi and Gerschman. As to the fall 
of plasma potassium in man, it is as yet only a fact about which little may 
be said. It is barely possible that the potassium lost from the plasma 
is taken up by the red cells; the normal disproportion in the total amounts 
of potassium in the red cells as compared with the plasma makes this very 
difficult to rule out. 

Cloetta, Fischer and van der Loeff (1934) found that central nervous 
stimulation produces a rise in the potassium concentration in the serum. 
They presumed this potassium came from the muscle cells, since curare 
prevented the effect. The mechanism in the case of the rise following 
the injection of epinephrine into animals may be very different in that 
only the liver seems to be involved. 

D’Silva (1936) and Marenzi and Gerschman (1936) have produced 
conclusive evidence for the central réle of the liver in the liberation of 
potassium on the injection of epinephrine into animals. Lamson (1920, 
Lamson and others, 1923) previously demonstrated the importance of 
the liver in the production of increased red cell concentration by epineph- 
rine. What may be the action of the liver in man in this connection 
remains a question, 

Kdmunds and Nelson (1925) summarized the earlier literature and 
attributed the sudden increase in the hemoglobin concentration in the 
blood following the injection of epinephrine chiefly to a loss of plasma 
volume (effect of the vasoconstriction). If this were the case, one might 
expect the plasma protein to increase more or less in proportion to the 
increase in red cells in terms of units of plasma water. This is not so 
(figure 1); the red cells rise much more in proportion than does the plasma 
nitrogen. This may mean either: 1, the circulating blood is enriched 
with a new and large supply of red cells, or 2, whole plasma, including 
proteins, is lost from the circulating blood. 

In any case it appears that Camp’s theory that epinephrine acts by 
virtue of the liberation of potassium cannot be made into a generalization; 
in man and in the species of animals reported, the elevation of blood 
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pressure, vasoconstriction and similar effects are identical but the response 
of potassium is reversed. 


SUMMARY 


Previous work on dogs, cats and rabbits is confirmed; the injection of 
epinephrine produces an immediate marked rise in the level of potassium 
in the blood plasma. The sodium level is substantially unaltered. This 
effect of epinephrine is not the result of anesthesia and may be evoked by 
doses as small as used in man. 

In normal man, the intravenous injection of from 0.005 to 0.3 mgm. of 
epinephrine chloride produces an immediate and marked fall in the level 
of potassium in the plasma. The potassium concentration returns to 
near normal in about 20 minutes, and is generally significantly above the 
pre-epinephrine level after 40 to 60 minutes. 

In normal man epinephrine produces an immediate sharp rise in red 
cell concentration, a smaller but significant rise in the concentrations of 
sodium and protein in the plasma, and little or no change in total base 
or chloride. 

The concentrations of potassium, chloride and total base in the water 
of the red cells show no certain response to epinephrine except that the 
potassium is slightly elevated after 40 to 60 minutes. 
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The formation of a chemical substance at the terminals of the primary 


neurons is implied in the theories of humoral transmission, although these 
structures do not have the properties ordinarily associated with secreting 
organs. In order to surmount the difficulty which is here presented, 
Lapicque has proposed for muscle that the acetylcholine (A. Ch.) may be 
derived from the nucleated sole plate, rather than from the endings. An 
analogous source for the substance in sympathetic ganglion would be the 
satellite cells, with which the nerve terminals and the dendrites of the 
ganglion cells seem to be in intimate contact (de Castro, 1926, figs. 3, 6, 
13, 16, 19). Experiments have been performed to test this possibility. 

As satellite cells are in contact with sensory cells as well as with ganglion 
cells, obviously the first experiment to be tried in order to test the hypoth- 
esis was to look for the production of A. Ch. after stimulation of the vagus 
ganglion or antidromic stimulation of a sympathetic ganglion. When 
the experiment was performed, the substance was found; but the condi- 
tions of its appearance were such as to suggest it to be a product of metab- 
olism, rather than an agent produced exclusively in a specialized structure 
for a specific purpose. 

The superior cervical sympathetic ganglion and nodosum ganglion of 
the vagus were perfused in the manner described by Kibjakow (1932), 
Feldberg and Gaddum (1934), Feldberg and Vartiainen (1934), von Briicke 
(1935), and Brown and Feldberg (1936 a, b); and the output of A. Ch. 
was determined with the leech preparation described by Fuhner (1918), 
Minz (1932), and Chang and Gaddum (1933). 

Four series of experiments were made, with changes in the technique 


1 The experiments here reported were planned with Dr. H.S. Gasser, who had sug- 
gested as a working hypothesis the possibility of the liberation of A.Ch. by satellite 
cells. Doctor Gasser has taken part in a number of the experiments and offered 
helpful criticisms of others, for which the author is deeply indebted. Unfortunately, 
Doctor Gasser has been prevented from following the research in detail, and the 
present author must take full responsibility for the statements made in this paper. 
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in each series. All experiments were performed on cats anesthetized with 
Dial (0.6-0.7 cc. per kgm.). 

FIRST SERIES OF EXPERIMENTS. Technique. The experiments of the 
first series followed in every detail the method described by Feldberg 
and Gaddum (1934) and Feldberg and Vartiainen (1934). A minor change 
only was made. In order to obtain a larger operating field, the larynx 
and base of the tongue were extirpated after ligature of the lingual and 
superior laryngeal arteries on both sides. Supramaximal rhythmic con- 
denser discharges at 4 to 5 per second were employed for stimulation, and 
their efficacy was checked by observation of the movements of the pupil 
and nictitating membrane. The bath for the leech preparation was made 
as small as possible, only 0.7 to 0.8 cc. of fluid being necessary to fill it when 
the glass holder and the strip (about 15 to 20 segments) of muscle were in 
position. During the periods between tests, oxygenated plain or eserinized 
Locke’s solution was kept running through the bath. 

Results. The first series included seven successful perfusions (I-VII). 
Three of the experiments (II, IV and VII) yielded results as described by 
Feldberg and Vartiainen. The specimens of perfusate collected during 
periods of postganglionic stimulation or of stimulation of the vagus were 
either inactive, or had the same activity on the leech muscle as control 
samples collected during periods when there was no stimulation. But 
the specimens obtained during preganglionic stimulation were always 
extremely active, two of them producing an effect greater than the A. Ch. 
solutions at 250 and 200y per liter respectively. Furthermore it was 
observed, in agreement with Feldberg and Vartiainen (1934, p. 109), 
that preganglionic stimulation, delivered after a period of postganglionic 
tetanus, failed to produce a peripheral response, although large amounts 
of A. Ch. were released. 

In the other four experiments different results were obtained, as con- 
siderable amounts of A. Ch. were liberated by postganglionic stimulation. 
Experiment V (2/9/1937) is typical of this group. The specimens were 
tested on the leech at various dilutions, 1:1.4 for samples 1, 2, and 4; 
1:2.8 for samples 5, 6, and 9; and 1:4.2 for samples 7 and 10. Specimens 
3 and 8 were not tested. The sensitivity of the leech strips was assayed 
with A. Ch. solutions at 5, 10, and 20y per liter. 

kxamination of the records shows that at the start of the perfusion 
(fig. 1, 7 c, and 3 ¢) there was a spontaneous output of A. Ch. which lasted 
until control sample 4 was collected. The first period of postganglionic 
stimulation (5) caused liberation of A. Ch. in very nearly the same con- 
centration as was produced by preganglionic stimulation in period 10 
(about 80 to 100y per liter); and after the perfusate had again become 
negative (sample 6), a second period of postganglionic stimulation (fig. 
1, 7 A) likewise brought out a considerable amount of the substance. 
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Following these procedures it was found that preganglionic stim 
no longer evoked responses of the pupil and nictitating membrane, 
though A. Ch. was produced in the ganglion (period 10) and the previ 
postganglionic stimulation had produced maximal contractions 

Inasmuch as the appearance of A. Ch. following postganglionic stim 
tion was contrary to the observations of Feldberg and Vartiainen, th: 
possibility of direct spread of the stimulating current from the postgangli- 
onic to the preganglionic fibers had to be considered. But this explanation 
was proven to be untenable when the action potentials in the preganglioni 
fibers were observed oscillographically. Even with the employment otf 
shocks much stronger than were used routinely, no escape occurred. 
Consequently, the liberation of A. Ch. by impulses conducted antidrom- 
ically to the ganglion cells had to be regarded as a genuine phenomenon 


Fig. 1. Responses of the leech to the perfusate and to standard solutions of A.C} 
(10.5 and 20y per liter). Experiment V (2/9/1937). The numbers on the record are 
those of the samples of perfusate. (, control; A, antidromic stimulation; D, pre 
ganglionic tetanus. Each horizontal series contains responses of the same strip of 
leech muscle. JL and E indicate the changes of the bath to Locke's solution and 
eserinised Locke’s solution. Dilutions of the samples indicated in text. In this and 
the following figures, 1 min. represents one of the small divisions of the time seale 


and it was thought, in agreement with an assumption of Eccles (1936, 
p. 363), that for some reason the antidromic impulses in the negative 
experiments had been blocked somewhere on their way to the ganglion. 
This possibility was examined in the next experiments. 

SECOND SERIES OF EXPERIMENTS. Technique. The operation was made 
as previously described, except that at the end of the dissection the bulla 
ossea was opened and its medial wall extirpated. The LX, X, XI and 
XII nerves were cut, and the internal carotid artery was severed between 
ligatures. The blood vessels under the postganglionic trunk were also 
ligated and divided. The perfusion was made in the usual manner; but 
in three experiments (VIII, IX, and X), immediately after starting the 
perfusion, the cat was killed by bleeding. The temperature in and around 
the ganglion was carefully maintained at 37 to 38 degrees C. 
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Results. The most striking result was the appearance in the perfusate 
of large amounts of A. Ch. in the absence of stimulation. In one case 
(VIII, 3/3/1937), the activity of the fluid collected without stimulation 
at the end of the experiment, when the rate of perfusion had become very 
slow, was greater than that during the preceding preganglionic stimula- 
tions. In fact, the activity of these control samples was estimated at 
250 to 3007 A. Ch. per liter. In all four experiments of this series (VIII 
XI) postganglionic stimulation was ineffective in liberating A. Ch. 

In experiment XI (3/2/1937) the cat was kept alive. Figure 2 repro- 
duces the responses of the leech to the samples of perfusate diluted 1:2.8 
and to a solution of A. Ch. at 100y per liter. Only one-half of the leech 


Fig. 2 Fig. 3 

Fig. 2. Responses of the leech to the perfusate and to a standard solution of A.Ch. 
(100y per liter). Experiment XI (3/2/1987). The kink in the curve 13D was due to 
a wrinkle in the smoked paper. V, stimulation of the vagus. Dilution of the samples 
indicated in text. 

Fig. 3. Responses of the leech to the perfusate obtained during a control period 
(6C); and two periods of vagus stimulation (4V and 7V) and a standard solution of 
A.Ch. (10y per liter). Dilution of the perfusate 1:1.4. Experiment XV, (4/2/1937). 


was assayed; according to the results of the tests the other half was less 
sensitive. 

During the early part of the perfusion, the ganglion, even when it was 
not stimulated, yielded considerable A. Ch. As little physiological activity 
was to be expected on account of the deep narcosis, and as discharge from 
cut nerve fibers was impossible,—since the preganglionic nerve had not 
yet been divided,—the outpouring must have been attributable to the 
condition of the ganglion itself. As the experiment proceeded the spon- 
taneous production diminished, and it was not visibly augmented when 
the preganglionic trunk was cut. 

Neither stimulation of the postganglionic trunk (5 A, 11 A) nor of the 
vagus nerve (7 V) affected the output of A. Ch.; but preganglionic stimu- 
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perfusate being estimated at over 250y per liter. In the course of t 
observations it was noted that, while postganglionic stimulation during 
periods 5 and 7 caused maximal motor responses, preganglionic stimulation 
during period 13 was entirely ineffective. In order to locate the position 
of the block, strongly supermaximal stimuli were applied directly to the 
ganglion. As no response was evoked, it became clear that during the 
perfusion a block had developed somewhere between the ganglion cel! 
and the postganglionic fibers. Thus no impulses could pass from the 
preganglionic fibers to the periphery, nor could any pass antidromically 
into the ganglion to effect a release of A. Ch. 

When the ganglion was examined with a binocular microscope at the 
end of the perfusion, the capillaries in the distal part of the ganglion were 
seen to be filled with blood; that is, they had not been perfused and possibly 
an asphyxial block had developed. Accordingly the operative technique 
was modified. 


in 


lation augmented it to a marked degree (13 D), the concentration in tt 
} 


if 


THIRD SERIES OF EXPERIMENTS. Technique. The principal innovation 
in the method of preparation was not to cut the vagus nerve central to the 
ganglia, and thereby avoid the production of a stump which could retract 
and shut off the small venous capillaries in the neighborhood of the ganglia. 
Instead, after the bulla ossea had been opened, a silk loop was passed from 
the middle ear under the vagus nerve and the jugular vein, and then again 
under the postganglionic trunk, in a way so that when tied it interrupted 
the circulation through the internal carotid artery and the vessels ac- 
companying the bundle of nerves, without interfering with the capillaries 
to the ganglion. Serial specimens of the perfusate were collected in 
amounts of 1 to 1.5 ee. (5-10 min.); but only selected samples were tested. 
The amounts of A. Ch. obtained in this series were small, and accordingly 
the frequency of stimulation was increased to 10 shocks per second. 

Results. In experiment XII (3/3/1937) nine specimens were collected 
and five were tested on the same strip of leech. Sample 6 was collected 
before starting stimulation. In dilution of 1:1.72 it caused a slight con- 
traction of the leech; sample 7 (postganglionic stimulation) in dilution 
of 1:2.8 produced a marked contraction; control sample 8 in dilution of 
1:2.8 was entirely inactive; sample 9, obtained during stimulation of the 
vagus, Was tested in dilution of 1:2.8 and found to be active, considerably 
more active than 6 (at 1:1.72 dilution), but less active than 7 at the same 
dilution. Finally sample 10 was collected during a preganglionic tetanus 
which caused maximal opening of the pupil and retraction of the nictitating 
membrane. It was tested in 1:7 dilution and found to be highly active. 

Two facts were brought to light by this experiment: 1, that a postgan- 
glionic tetanization does not prevent a later transmission of preganglionic 
impulses through the ganglion, provided that the perfusion be made with 


336 RAFAEL LORENTE DE NO 


a conservative technique; and 2, that A. Ch. may be liberated not only 
by the antidromic conduction of impulses into the ganglion cells, but also 
by the passage of impulses through the nodosum ganglion of the vagus. 

In the other three experiments of this series (XIII, XIV, and XV) 
stimulation of the vagus nerve in the neck also caused liberation of con- 
siderable amounts of A. Ch., but not with regularity. Thus in experiment 
XIII (3/16/1937) the vagus was stimulated during periods 7 and 16 and 
in both cases a large output of A. Ch. was recorded, while the control 
samples obtained immediately before and after stimulation were either 
inactive or only slightly active. In experiment XIV (3/17/1937) the 
vagus was stimulated during periods 5, 8, and 12. Samples 8 and 12 
proved to be inactive, but sample 5 had the activity of A. Ch. 1:1 X 108, 
while control samples 4 and 7 were practically inactive. Again in exper- 
iment XV (4/2/1937) vagus sample 4 had a slight activity (fig. 3, 4 V); 
control sample 6 (fig. 3, 6 C) was inactive; but vagus sample 7 (fig. 3, 7 V) 
in dilution of 1:1.4 had an activity almost matching A. Ch. 1:1 * 10%. 

In view of the irregularity, the technique was again improved, this time 
in order to insure normal blood circulation through the ganglia until the 
very start of the perfusion. 

FOURTH SERIES OF EXPERIMENTS. Technique. The operation was per- 
formed in a manner so that no large blood vessels had to be ligated until 
after the start of the perfusion. All the organs in the neck and mouth 
(glands, larynx, tongue) and the prevertebral and other muscles were 
successively extirpated after individual ligature of their blood vessels, 
often of capillary caliber (the operation was carried out under a binocular 
microscope). At the end nothing remained in the neck but the carotid 
arteries, the jugular vein, carotid glomus, vagosympathetic trunk, the 
two ganglia, and segments of the IX, XI, and XII nerves. After injection 
of a small amount of anticoagulant (Liquoid), a cannula was inserted into 
the common carotid artery and the perfusion started. A few seconds 
later, when the blood had been washed out, the main vessels were ligated 
and a collecting cannula was inserted into the jugulovertebral anastomotic 
vein. From four to five hours were needed for the operation, as over one 
hundred blood vessels had to be tied. In order to prevent cooling of the 
tissues, the room was kept at 34 degrees C. and the region of the field of 
operation was maintained at 37 to 38 degrees C., with the humidity at 
saturation by means of a vaporizer. Four of the experiments were so 
successful that histological sections of the perfused ganglia could not be 


distinguished from those from control ganglia which had not been perfused. 

As in the previous group of experiments, the perfusate was collected 
in serial samples, and with but few exceptions all the samples were tested. 
The whole series was kept in the ice box at 0 degree C. until the end of 
the perfusion, as it had previously been shown that the storage would 
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not cause a detectable loss of activity (see fig. 9, 22 C 

then divided into two groups of consecutive samples, numbers 

for example, making up one group and numbers 15 to 30 the other 

each group was tested on its own member of the paired leech muscle pr 
rations. The slope of the contraction of the leech muscle was all 

was necessary for a rough estimate of the A. Ch. content of the samp! 
and this could be determined after a few minutes of contact of the perfusa 
with the preparation. At the end of this period the leech was wash 
with running Locke’s solution for several minutes. Then, after furthe 
washing with eserinized Locke’s solution for 8 to 10 minutes, it was ready 
for the next test. Needless to say, contamination of the perfusate was 
prevented by using individual pipettes for each sample and by carefully 
avoiding contact of the fluid with the fingers of the experimenter (Dal 
and Feldberg, 1934). 

Results. The fourth series included six experiments, five of which will 
be described and discussed individually. This is necessary because, despit: 
all the precautions, the liberation of A. Ch. turned out not to be as regular 
a phenomenon as was anticipated from the descriptions of Feldberg and 
Gaddum, Feldberg and Vartiainen, and Brown and Feldberg. The libera- 
tion was even more irregular than had been suggested by the experiments 
of the three previous series. 

Experiment XVI (4/7/1937). The control samples were collected at 
five minute intervals; but in stimulation periods the collection lasted for 
six minutes (five minutes of stimulation and one more minute without 
stimulation). All the samples but two (4 and 7, controls) were tested, 
all in 1:1.4 dilution. The sensitivity of the leech strips was assayed with 
A. Ch. at 5 and 10y per liter. 

Figure 4 reproduces the results of the tests. During the first 25 minutes 
of perfusion (samples 1 to 5) no A. Ch. was liberated, despite the section 
of the preganglionic trunk immediately before the start of the perfusion, 


and although there was one period of vagus stimulation (5). Evidently 


spontaneous liberation of A. Ch. can be reduced to a negligible amount or 
prevented altogether by the use of careful operative technique; and when 
it occurs, it cannot adequately be explained on the basis of mechanical 
injury of the preganglionic trunk. 

Sample 6 obtained during stimulation of the vagus nerve began to 
contain traces of A. Ch., and a larger amount was obtained in the following 
sample, 8. Also a larger amount was obtained during the next stimulation 
of the vagus at 9 and in the following period 10. Sample 11, a control 
tested on the less sensitive half of the leech, was negative, as was also 
sample 12 from vagus stimulation; but the latter was succeeded by two 
samples, 13 and 14, which indicated a large amount of A. Ch. The next 
vagus stimulation at 15 came after the large output at 14, and it is difficult 
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to tell how much of the amount produced is in continuation of the latter 
and how much is new production. In this instance at least there was no 
delayed output, as the perfusate became negative at 17. At this point, 
preganglionic stimulation at 18 brought out large amounts of A. Ch. The 
production continued into 19, and after falling to a low point at 20, a 
markedly delayed production occurred during 21 and 22, more than 10 
minutes after the end of the preganglionic tetanus. 

According to the histological evidence, the experiment was a successful 
one. The ganglion and the unperfused control from the opposite side 
were stained according to Bodian and counterstained with acid fuchsin; 
and the two presented the same histological picture. Nevertheless there 
was a difference between the end of the experiment and the beginning, 


Fig. 4. Responses of the leech to the perfusate and to standard solutions of A.Ch 
(5 and 10y per liter). Experiment XVI (4/7/1937). Sample 22(C) was tested in 
both halves of the leech. Note that the solutions of A.Ch. are tested several times 
to detect changes in the sensitivity of the leech. Dilution of the perfusate 1:1.4. 


for vagus stimulation evoked no A. Ch. at the beginning, not even a delayed 
production, while at the end a delayed liberation took place. Pregan- 
glionic stimulation differed from the vagus in that the output was larger 
and immediate as well as delayed. 

Experiment XVII (4/8/1937). Twenty-four samples were collected 
and all were tested. Unless otherwise indicated, the collection periods 
were 5 minutes for the control samples and 6 minutes (5 minutes with 
stimulation and 1 minute without stimulation) for those with stimulation. 
The perfusion was carried out at a pressure of 60 cm. of water and the 
volumes of the samples were recorded. During the experiment the per- 
fusion rate fell progressively to one-half of its original value. Although 
not as accurately measured, a falling off also occurred during all the other 
experiments, meaning no doubt that perfusion always occasioned some 


injury. No correlation between the appearance of A. Ch. and the rate 
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of perfusion could be established. All samples were tested in a 1: 
dilution, with leeches not very sensitive. The results of the tests 
reproduced in figure 5 and compared with solutions of A. Ch. at 10, 50, 
and 1007 per liter. Table 1 summarizes the results of the experiment 
Only one preganglionic stimulation was tried (21). It brought forth 
A. Ch. promptly and in large amounts, the production outlasting the 
tetanus by 5 to 10 minutes. Antidromic tetanization during periods 2, 
5, 8, and 14 caused only a delayed output of A. Ch. starting at least several] 
minutes after the beginning of stimulation. Twice the production lasted 
only for a few minutes (samples 4 and 6), but in one case it lasted for 15 
minutes (samples 15, 16, and 17). In one instance antidromic stimulation 
-aused liberation of A. Ch. in two bursts, an initial one (sample 11) and a 
delayed one (sample 13). It was evident in every case that if the periods 


Fig. 5. Responses of the leech to the perfusate and to standard solutions of A.Ch. 
(10, 50 and 1007 per liter). Experiment XVII (4/8/1937). Dilution cf the perfusate 


of collection of perfusate had been but slightly longer, the release of A. Ch. 
would have seemed to coincide in time with the stimulation. 
Experiment XVIII (4/10/1937). In this experiment the effectiveness 
of preganglionic stimulation was checked by careful observation of the 
movements of the pupil and the nictitating membrane. Since the cat 
was under Dial narcosis, the pupil once opened never closed entirely, but 
the start of the opening and the start of the closing were easily detected. 
During every period of preganglionic stimulation the nictitating membrane 
was so retracted that it could scarcely be reached with « forceps, while 
during the control periods after it had been drawn out with a forceps it 
was found to be completely relaxed. The strength of stimulation neces- 
sary for threshold opening of the pupil was determined before starting 
the perfusion. During the experiment shocks from five to nine times this 
strength were used. From oscillographie studies it is known that even 
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the weakest of these strengths was maximal for the preganglionic trunk, 
and in fact the response of the pupil and the nictitating membrane were 


TABLE 1 
Experiment XVII (4/8/1937) 


APPROXI- APPROXI- 


URATION MATE CON- URATION MATE 
DURATIC awounr MATE DURATIO ATE CON 
SAMPLE OF OF FLUID CENTRATION OF OF FLUID CENTRATION 
COLLECTION : OF ACETYL- COLLECTION = OF ACETYL- 


CHOLINE CHOLINE 


minutes y per liter minutes per liter 
5 ; 13C 
) 14A 
15C 

16C 

17C 

I8SV 

19C 

20C 

21D 

22C 

23C 

24C 


TABLE 2 
Experiment XVIII (4/10/1937) 


APPROXIMATE APPROXIMATE 
AMOUNT CONCENTRATION SAMPLE pa AMOUNT CONCENTRATION 
OF FLUID OF ACETYL- ar cotuection| OF FLUID OF ACETYL- 
CHOLINE CHOLINE 


DURATION 
SAMPLE OF 
COLLECTION 


minutes Y per liter minutes per liter 
19D 12 

20C 
21C 

22C 

23A 

Less than 2 24C 
25C 

26D 

27C 

28C 

29A 

Not tested 30C 
Not tested 31C 
32D 

33C 

34C 


ww 


& 


bo 


12 

12 

10 

10 

12 
Less than 5 

10 


WW 


Less than 5 


always maximal. The frequency of stimulation was 10 shocks per second 
The perfusion pressure was raised to 80 em., so that a sufficient amount 
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of fluid could be collected in from 2 to 3 minutes. The 


are indicated below. During period 14 (antidromic stimulation 


of stimulus to the [IX and X nerves caused reflex movements of the ¢ 
and displacement of the cannula with a resultant temporary interruption 
of the perfusion. The leech strips were of high sensitivity at the beginning 
of the tests, but the sensitivity as shown by frequent calibration with a 
standard solution of A. Ch. at 10y per liter dropped progressively to about 
50 per cent of its initial value. The results of the tests are reproduced in 
figure 6 and table 3, which contain a summary of the findings. The pre- 
ganglionic tetanus lasted for one minute in periods 2, 6, 10, and 26, and for 
two minutes in periods 19 and 32. Antidromic stimulation lasted for 
three minutes in period 23 and for two minutes in period 29. 

It is not necessary to emphasize that, because of the progressive loss 
in sensitivity of the leech, the concentrations of A. Ch. recorded in the 


Fig. 6. Responses of the leech to the perfusate and to standard solutions of A.Ch 
(10 and 20y per liter). Experiment XVIII (4/10/1937). Note that the sensitivity 
of the leech progressively diminished but at the end of the experiment it still was 
almost 50 per cent of the initial one. Dilution of the perfusate 1:1.4 


table represent only a rough estimate of the amount present. They can, 
however, be safely considered as indicating the maximal amount of A. Ch. 
contained in the samples of perfusate. 

The most remarkable feature of the observations was the small amount 
of A. Ch. released by preganglionic stimulation; for instance, in period 6 
a tetanus made up of some 600 shocks caused maximal opening of the 
pupil and retraction of the nictitating membrane, but nevertheless failed 
to bring enough activity into the perfusate to cause visible movement in 
the leech muscle. This result was so unexpected that the preparation 
was immediately calibrated with A. Ch. at 10y per liter to ascertain whether 
or not it was still active; and it was found that the sensitivity was only 
slightly less than during previous applications. If there was any A. Ch 
in the sample, its concentration was less than 2y per liter, i.e. about a 
hundredth part of the amount obtained in the early experiments. (In 
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the latter the rate of perfusion had been slower, but a lower frequency of 
stimulation compensated for the slow rate.) However, control samples 
7 and 8 contained small but measurable amounts of A. Ch., indicating that 
there was some delayed output of the substance. 

In the later periods of preganglionic stimulation the amount of A. Ch. 
obtained was somewhat larger, but still very small. Even when, after 
some 30 minutes of perfusion, A. Ch. began to appear in appreciable 
amounts in the control samples, preganglionic and postganglionic stimula- 
tions caused only small increases in the yield, and of the amounts produced 
a large fraction was released in the period following the peripheral re- 


TABLE 3 
Experiment XIX (4/13/1937) 


APPROXIMATE APPROXIMATE 
DUR ON IU RATION 
N AMOUNT CONCENTRATION pe AMOUNT CONCENTRATION 
COLLECTION OF FLUID OF ACETYL- ies I ecTION OF FLUID OF ACETYL- 


minutes y per liter minutes per liter 
3 Less than 5 16D 50 
15 17C 15 
More than 50; 18V 
15 19C 
10 20D 
More than 50) 21C 
20 22C 
Less than 5 23D 
More than 50) 24C 
12 25C 
10 26D 
More than 50. 27C 
15 28C 
Less than 5 29D 
10 30C 


to 
bt bo 


to 


Less than 5 
More than 50 
50 
30 
More than 50 
20 
10 
More than 50 
50 
15 
50 
6 


b 


tbo 


2 
2 
2 
2 
2 


roe 


w 


to 
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sponses. At the end of the experiment histological examination showed 
that this ganglion was in excellent condition. 

Experiment XIX (4/13/1937) (fig. 7, table 3). The vaporizer was 
omitted in this experiment and in its stead the room was maintained at 
37 degrees C. and at high humidity. Some difficulty was experienced, 
however, in keeping the tissues moist under these conditions. A chance 
observation in the course of the experiment indicated that A. Ch. appears 
promptly in the perfusing fluid. In period 2, which lasted two minutes, 
the perfusate of only the last half minute carried the products of activity 
resulting from preganglionic stimulation. Yet the perfusate was highly 
active. The appearance of the substance within 30 seconds supports 
Feldberg and Vartiainen’s statement (1934, p. 111) that A. Ch. is removed 
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from the ganglion by the perfusion fluid in 
liberation. 
The durations of the preganglionic tetani 
were: 1 minute in periods 8, 9, 16, and 
period 20; and 2 minutes in periods 12, : 
fusate were tested in 121.4 dilution 
As shown by the records in figure 7, preganglionic 
failed to cause the release of considerable amounts 
time of its appearance did not correspond closely 
of stimulation or the peripheral response. As u 
sponse started immediately alter commencement of stimula 
to subside as soon as the stimulus was removed, relaxation of 
becoming complete, as far as it could be determined by direct ol 


within less than a minute. But the release of . h. continuce 


Fig. 7 Response s of the leech to the perfusate and to standard so 
(10, 20 and 50+ per liter) Experiment NIN 131937 


leech muscle was low but remained constant Dilutio 


minutes after the end of stimulation. In some cases the liberation of 
\. Ch. was found to have ceased (insofar as the rather insensitive leec! 
could detect) when the second control sample after stimulation was taken 
(4, 10, 17, 24, 30: 13 was not conclusive because one minute was lost be 
tween 12 and 13), but in other cases even the second control sample was 
highly active (7, 21, 22, 27). The prolonged output of A. Ch. could not 
have been due to slowed diffusion, first because as indicated above, the 


diffusion of A. Ch. is very rapid, and second because after stimulation 


period 24), when one should expect the diffusion to be slowe st, ho prolonga- 


tion Was present. Delayed liberation, which has been noted by Rarsoum, 
Gaddum, and Khayyal (1934) and was seen in every experiment of this 
series, must mean delayed production 

Between control periods 14 and 15 the perfusion was stopped for 15 
minutes, Which may be the reason why sample 15 contained more A. Ch 
than 14.) The asphyxia of the ganglion caused a reduction of the periph- 
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eral response in period 16 and also a reduction in the liberation of A. Ch 
in that period. 

The rate of perfusion remained very nearly constant throughout the 
experiment. During most of the periods of preganglionic stimulation the 
perfusion rate was reduced, despite the large amount of A. Ch. which 
Was formed, 

When the ganglion was examined histologically, it was found to have 
been greatly damaged by the perfusion, probably because of the drying 
that had occurred in the course of its preparation. The ganglion itself 
and the tissues around it were invaded by a large number of white blood 


Fig. 8. Seetions through the superior cervical sympathetic ganglion perfused in 
Experiment NIX (4/13/1937), Bodian’s silver method, counterstain with acid fuchsin. 
Magnification 125. The section on the left is through the periphery of the gan- 
glion; it shows that the capsule of dense connective tissue, 4, was separated from the 
ganglion by the edema. In the space thus created there are a capillary, B, 
blocked by a coagulum, an open capillary, C, with several branches, islands of 
ganglion cells, D, D, and a large number of white blood cells, b. The section on the 
right through the center of the ganglion shows the neuropil broken into small islands 
of cells by the edema around the capillaries, C,C,C. The ganglion cells are consider- 
ably retracted. Numerous white blood cells, 6, are found in the edematous space 


cells. Edema had distended the dense capsule of connective tissue and 
created a large space between it and the ganglion proper, in which there 
were isolated capillaries and fragments of neuropil (fig. 8). The neuropil 
Was generally fragmented and the cell bodies were shrunken and isolated 
into small patches. In every way the picture was in striking contrast 


with that of the ganglia in the preceding experiments in which the per- 


fusions had been successful. 

Experiment XX (4/16/1937) (fig. 9, table 4). In order more successfully 
to prevent drying of the tissues, during this experiment the humidity of 
the room was kept at saturation (37°). Owing to difficulty in making the 
insertion of the collecting cannula, the first samples were not obtained until 
10 minutes after the start of the perfusion. After the eleventh sample, 


| 
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the cat died, making observations of the responses no longer 


but not causing interference with the ganglion which was on perfusion 


The preganglionic tetanus (shocks more than six times the threshol 
strength for opening of the pupil, i.e., maximal at the rate of 10 per secon 
caused in periods 2 and 5 the usual maximal peripheral response; later, 
of course, no peripheral response could be obtained. The stimulation 
lasted 13 minutes in period 2, 2 minutes in 5 and 11, and 3} 
20 and 26. 

This experiment very nearly reproduced experiment XVIII in that 
the beginning of the perfusion the amount of A. Ch. liberated was very 


Fig.9. Responses of the leeches to the perfusate and to standard solutions of A.Ch 
(10, 20, and 50y per liter). Experiment XX (4/16/1937). The responses in the left 
side were obtained with a leech of high sensitivity; those on the right side with a 
leech of less sensitivity. While the second leech was being prepared the perfusate 
was kept in the icebox at0°C. Dilution of the perfusate 1:1.4. Sample 22 was tested 
on half of the upper series after further dilution 8:10 with eserinized Locke's solution, 
more than two hours after the test on the leech strip of the lower series. It showed 
no loss of activity. 


small. The concentration in samples 2 and 5, collected while respectively 
about 900 and 1200 maximal shocks were being applied, certainly was no 
higher than 5y per liter. Thus the amount of A. Ch. per maximal pre- 
ganglionic volley was much smaller than the amount calculated by Feld- 
berg and Vartiainen (1934). As the perfusion progressed, the A. Ch. 
production increased, both during periods of rest and of stimulation. It 
is to be noted that preganglionic tetani 20 and 23 caused liberation of 
A. Ch. in an initial and a delayed burst, and that after tetanus 26 the 
release of A. Ch. continued for 8 minutes after the end of the stimulation, 
The histological analysis revealed that the greatest part of the ganglion 
was in apparently normal condition, but in the oral pole there were some 
distended capillaries surrounded by slightly edematous neuropil. 
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Discussion. The present study has revealed several significant facts: 

1. In perfusions made with a technique likely to cause damage to the 
ganglia there appeared at the start of the perfusion in the absence of 
stimulation, a considerable output of A. Ch. (fig. 2, Jc). Careful tech- 
nique considerably reduced or prevented this spontaneous release (figs. 4, 5). 

2. In successful perfusions the liberation of A. Ch. by preganglionic 
stimulation was very small. For instance, the concentration of A. Ch. 
observed at the beginning of experiments XVIII and XX (fig. 6 and 9) 
was not greater than 5y per liter; but when the perfusion was defective, 
the amounts of A. Ch. released were many times greater, up to 2507 
per liter. 

TABLE 4 
Experiment XX (4/16/1937) 


APPROXIMATE APPROXIMATE 
N DURATION 
SAMPLE AMOUNT CONCENTRATION AMOUNT CONCENTRATION 


SAMPLE OF 
OF FLUID OF ACETYL- OF FLUID OF ACETYL- 
COLLECTION SO LLEC N 
ILLE ON CHOLINE COLLECTIO CHOLINE 


minutes oC. per liter minutes per liter 
3 | 16C 3 

5 I7A 3 

18C 3 

Less than ! 19C 3 
5 20D 1 

Less than 21C 1 
Less than ! 22C 1 
Less than 23D 1 
} 

4 


Less than ‘ 


to 


Less than ‘ 
Less than ‘ 


to bo 


Less than ‘ 
30 
15 
10 
10) 
15 
20 
10) 
30 
10 


Less than 5 


Less than ! 24C 

15 25C 
5 26D 
Less than 27C 
Less than 28C 


Less than 29C 


D DH 


3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
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3. In the more complete experiments of the fourth series, in which histo- 
logical analysis failed to reveal signs of damage to the ganglia, a definite 
relation between the output of A. Ch. and the duration of perfusion was 
established. At the start of the experiments the amounts of A. Ch. 
liberated were small, the minimal amount being produced in the second 
period of stimulation (figs. 5, 5 .4;6,6D;9,5 D). The amounts increased 
during the perfusion and decreased again toward the end of the experi- 
ment. The increase in the release of A. Ch. was accompanied by a decrease 
in the rate of perfusion. 

These facts raise the question as to whether the liberation of A. Ch. by 
nerve stimulation is a physiological process or, as recently Fleisch, Sibul, 
and Kaelin (1936) have concluded for motor nerves to striated muscles, 
a pathological process. 

There can hardly be any doubt that the large out puts of A. Ch. observed 
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at the start of perfusion in the absence of stimulation, as well : 
outputs reported by Brown and Feldberg (1936 a, b), were att: 
injury of the tissues, for these amounts were prevented by imy 
in the technique. Likewise the large outputs of A. Ch. observe 
preganglionic stimulation in a number of the present experiments, | 
as in the experiments reported by Feldberg and Gaddum (1934), Feldber; 
and Vartiainen (1934), Barsoum, Gaddum and Khayyal (1935), and Brow 
and Feldberg (1936 a, b), also in blood-perfused ganglia? must be consid: 
as being pathological for the following reasons: 

1. Physiological transmission through the ganglion takes pla: 
release of much smaller amounts of A. Ch. 

2. The amounts of A. Ch. liberated increase during the course of 
experiment, as the rate of perfusion drops. 

3. Ganglia releasing A. Ch. in large amounts are shown by histological! 
analysis to have suffered heavy damage. 

Taking the experiments as a whole, it must be concluded that the 
release of A. Ch. is favored by damage of the tissues. It also seems likely 
that some A. Ch. is released by dying cells, because in the experiments of 


the first and second series it was noticed that after a large spontaneous 


output of A. Ch. had taken place, further stimulations were ineffective in 
releasing the substance. 

However, the fact that A. Ch. is released in any amount must indicate 
that the substance is found to some extent in the normal metabolism of 
the tissues of the ganglia. Whether or not the substance would diffuse 
through the surface of the cells under physiological conditions cannot 
be stated. At any rate, a diffusion such as this cannot take place to an 
extent greater than is observed in the early part of the most successful 
perfusion experiments (exps. XVIII and XX). 

The metabolism of A. Ch. following nerve stimulation cannot be con- 
sidered as a specific synaptic process, because A. Ch. may be released in 
considerable amounts by the passage of impulses through the nodosum 
ganglion of the vagus and by antidromic conduction of impulses into the 
ranglion cells. Furthermore, the liberation of A. Ch. usually outlasts 
the conduction of impulses and it may begin some time after transmission 
has ceased. Delayed production of A. Ch. cannot be doubted. The 
only question is whether there is any immediate production. Unfortu- 
nately, the technique of perfusion does not permit us to measure the time 
of liberation of A. Ch. within less than 30 seconds, while the synaptic 


2 In the opinion of the present author, satisfactory perfusion with blood of the 
isolated superior cervical and nodosum ganglia is not feasible. The operation would 
have to be performed as indicated in the fourth series of experiments, and the coagu- 
lation of the blood would have to be absolutely prevented. It appears that the 
prevention of coagulation is incompatible with a normal circulation and normal 
oxygenation of blood in the lungs; at least this was found to be the case with the 
anticoagulants employed (Chlorazol fast pink, Novirudin, Liquoid) 
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delay in sympathetic ganglia lasts for about 0.002 second (Brown, 1934; 
Eccles, 1933, 1936). 

Examination of the records presented in figures 5, 6 and 9, which are 
those of the three best experiments, reveals that in general at the starts 
of the perfusions, preganglionic stimulation (fig. 6, 2D, 10 D; fig. 9, 2 D, 
5 D, 11 D) caused an immediate output of A. Ch., while under similar 
conditions antidromic stimulation (fig. 5, 4C, 6C, 9C) seemed to cause 
only a delayed output. This might be considered as an indication that 
preganglionic stimulation causes release of A. Ch. during transmission, 
while ganglion cells liberate the substance after conduction. But the 
experiments also show that antidromic stimulation may cause an im- 
mediate output of A. Ch. (fig. 1, 5 A, 7 A; fig. 5, 11 A), and that pregan- 
glionic stimulation may fail to cause an immediate output, while initiating 
a delayed one (fig. 6, 7 C, 8C, 9C); or it may cause a delayed output 
(fig. 9, 22 C) larger than the initial one (20 D). The similarity between 
records 20, 21, 22 and 23, 24, 25 in figure 9, and records 11, 12 and 13 in 
figure 5 indicates that in both cases the same mechanism was being acti- 
vated. Also, stimulation of the vagus may cause an immediate (fig. 3) 
or a delayed output (fig. 4), and in this case there can be no doubt that the 
A. Ch. is always released by the same elements. 

Thus there is no evidence to show that preganglionic stimulation causes 
the production of A. Ch. by activating a mechanism fundamentally differ- 
ent from that activated by impulses started in the postganglionic trunk 
or in the vagus nerve; although it must be emphasized that preganglionic 
stimulation seems to cause an immediate output of A. Ch. more readily 
than any other stimulation. Thus far no satisfactory explanation has 
been found, either for the variability of the amount liberated or for the 
delayed output of the substance, but there are two facts which might lead 
to an understanding of the problem: 

1. Postganglionic stimulation reaches only a fraction of the ganglion 
(the cells of origin of the carotid nerve), while preganglionic stimulation 
reaches, through the preganglionic arborizations, every cell of the gan- 
glion. Evidently, if the concentration of A. Ch. released by preganglionic 
stimulation from ganglia in good condition scarcely reaches threshold for 
the leech, the concentration produced during postganglionic stimulation 
must remain below threshold. 

2. Damaged ganglia release many times more A. Ch. than do ganglia 
in good condition. Therefore, if during the perfusion a few cells are 
damaged, they will release larger amounts of A. Ch. than the rest of the 
ganglion. In fact it is very likely that even in the best perfusions some 
of the A. Ch. liberated was released by damaged elements. Usually the 
first period of stimulation (figs. 5, 4 C; 6, 2 D;9, 2 D) caused a larger output 
than the second one (figs. 5, 6 D; 6, 6 D; 9, 5 D); and no other explanation 


LIBERATION OF ACETYLCHOLINE BY SYMPATHETIC G 


for it can be found than the release of large amounts of the 
a few cells damaged during the operation. 


SUMMARY 


1. The liberation of A. Ch. by the superior cervical sympathetic ganglion 
and the nodosum ganglion of the vagus has been studied with the tech- 
nique of perfusion described by Kibjakow. 

2. Ganglia prepared with a technique leading to damage of the cells 
as revealed by subsequent histological analysis yield A. Ch. to a perfusate 
without the intervention of stimulation; and stimulation of either th 
preganglionic or postganglionic trunks of the sympathetic or of the vagus 
nerve, causes the liberation of A. Ch. in large amounts. 

3. Ganglia prepared in a way so that no damage is revealed on histo- 
logical analysis do not yield A. Ch. spontaneously and the amounts released 
as the result of stimulation are very small. At the start of successful 
perfusions even perfusates obtained after tetanization of the preganglionic 
trunk with maximal shocks contain A. Ch. in amounts scarcely detectable 
by the leech preparation. 

4. Release of A. Ch. regularly takes place some time after the trans- 
mission of impulses has ceased; whether there is any liberation preceding 
synaptic transmission is still an open question. 


5. Since damage of the tissues favors the release of A. Ch. and per- 
fusion of the ganglia always creates abnormal conditions, it cannot be 
stated whether physiologically any amount of A. Ch. diffuses out of the 
cells; but the evidence indicates the existence of an A. Ch. metabolism 
in the tissues of the ganglia. 

6. The A. Ch. metabolism is not a process which is specific to the syn- 
aptic junctions. 


REFERENCES 

Barsoum, G.S., J. H. Gappum anp N. A. Kuayyau. J. Physiol. 82:9 P, 1934 
Brown, G. L. J. Physiol. 81: 228, 1934. 
Brown, G. L. AnD W. FetpserGc. J. Physiol. 86: 260, 1936a; 88: 265, 1936b 
Britcke, F. T. Arch. exper. Path. u. Pharmakol. 177: 532, 1934-1935 
Castro, F. pr. In W. Penfield: Cytology and cellular pathology of the nervous 

system. New York, Hoeber, Vol. I, p. 317, 1936 
Cuana, H.C. ano T. H. Gappum. J. Physiol. 71: 255, 1933 
Date, H. H. anp W. Fetpserc. J. Physiol. 81:40 P., 1934 
Eccies, J.C. J. Physiol. 80: 23 P., 1933; Ergebn. Physiol. 38: 339, 1936 
FELDBERG, W. AND T. H. Gappum. J. Physiol. 81: 305, 1934 
FELDBERG, W. AND A. VARTIAINEN. J. Physiol. 83: 103, 1934 
Fveiscu, A., 1. AND M. Karuin. Arch. Internat. Physiol. 44: 24, 1936 
Fiuner, H. Arch. exper. Path. u. Pharmakol. 82: 81, 1918 
Kissakow, A. W.  Pfliiger’s Arch. 232: 432, 1933. 
LapicqugE, L. Cold Spring Harbor Symposia on Quantitative Biology 4: 147 
Minz, B. Arch. exper. Path. u. Pharmakol. 168: 282, 1932 


AN A 349 


SPONTANEOUS MOTILITY OF THE PYLORIC SPHINCTER 
AND ADJACENT REGIONS OF THE GUT IN THE 
UNANESTHETIZED DOG 


I. MESCHAN anp J. P. QUIGLEY 


From the Department of Physiology, Western Reserve University, Cleveland, Ohio 
Received for publication August 2, 1937 


Objections inherent in the usual methods of studying pyloric sphincter 
motility have made questionable the interpretations of many investi- 
gations. Results obtained from anesthetized animals are modified to an 
unknown extent by the drug action and those experiments involving ex- 
posure of the gut have the additional disturbing effects from various trau- 
matic factors. Investigations based on gastric evacuation rate deter- 
minations (aspiration, duodenal fistula or Roentgen ray studies) are also 
susceptible to misinterpretation. At best, the information regarding the 
sphincter obtained by evacuation studies is entirely inferential. Evacua- 


tion depends on several factors in addition to sphincter behavior, which are 
incapable of accurate evaluation as the experiments are commonly per- 
formed. 


Accurate determinations of pyloric sphincter tone and motility can be 
obtained directly by measuring the pressure and volume variations within 
the sphincter lumen. Such studies become particularily significant if 
performed with suitable precautions on unanesthetized animals as is 
possible when a balloon is introduced within the lumen. Additional in- 
formation pertaining to the subject of gastric evacuation is obtained if the 
pressure and volume variations are studied simultaneously also in the 
regions adjacent to the sphincter. 

We have made 250 direct determinations of tone and motility, simul- 
taneously from the pyloric sphincter and 1.5 cm. at either side of it (in 
the pyloric antrum and duodenal bulb) and also in the distal duodenum in 
10 dogs provided with gastric and duodenal cannulae. Tandem balloons 
(diagram 1) and water manometers were employed in a modification of the 
method of Thomas, Crider and Mogan. Special precautions were taken 
to minimize all trauma incident to the introduction or due to the presence 
of the balloons in the gut. The balloon system was soft and flexible, the 
tubes being made entirely of soft rubber and the balloons of thin condom 
rubber. This device was inserted practically without trauma by gentle 
traction on a thread permanently kept in the gut. A low pressure (2 em. 
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water) was employed in the balloon-manometer system 
air introduced was not sufficient to produce a positive p 


DUODENAL SPHINCTER ANTRAL 
BULBAR BALLOON BALLOON PALLOON 


SPHINCTER | 
DAL/OON 


Diagram 1. Balloon system and the method of its insertion employed in studying 
motor activity of the pyloric sphincter and adjacent regions 


balloons were outside the gut lumen. Thus the factor of balloon elasticity 
was avoided. 


Fasting animals. At the beginning of each of 250 experiments, food 
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Fig. 1. Typical spontaneous motility of the pyloric antrum, sphincter and duo- 
denal bulb of the normal dog during fasting and during gastric evacuation. 

Fig. 2. Spontaneous motility of the pyloric antrum, sphincter, duodenal bulb and 
distal duodenum of the normal dog. Dotted lines indicate the tonus changes which 
in this experiment were more marked than usual. 

Fig. 3. Spontaneous motility following chronic bilateral vagotomy. 
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had been withheld for 24 hours. The animals relaxed, completely a 
on comfortable mattresses during each investigation. 

Records made by this method showed that ordinary peristalty 
essentially the same as those occurring in other portions of the 
tinually sweep over the antrum, sphincter and bulb at the rate of 2 
per minute (fig. 1). There was no indication of the “contrary,” “‘antag- 
onistic,”’ or ‘‘stop-cock-like” behavior in the sphincter which has pre- 
viously been described. Practically every antral wave was followed by 
sphincter and bulbar contraction which generally corresponded in ampli 
tude, but on occasions showed individual variations. The bulbar con- 
tractions displayed more variations than occurred in other regions, thers 
apparently being 3 to 6 locally initiated rhythmic movements super- 
imposed on the fundamental contraction. A comparison of records made 
simultaneously from the bulb and the distal duodenum indicated that in 
the latter region the contractions were unrelated in sequence to thos 
recorded from the bulb (fig. 2). 

That the movements were peristaltic was indicated by the fact that a 
study of the time relations showed the contraction process of the antrum, 
sphincter and bulb to be progressive. Following a brief interval during 
which all three regions were simultaneously relaxed (fig. 1), a contraction 
occurred in the antrum. Since the sphincter at this time was relaxed, 
propulsion of antral contents could occur into the relaxed bulb. There 
was no unusual feature about the relaxation to agree with that implied 
by the terms “‘Law of Contrary Innervation” or ‘receptive relaxation’’ 
employed by Joseph and Meltzer and by Thomas. 

Evidently the impulse to contract was conducted almost as rapidly to 
the bulb as to the sphincter or the sphincter had a longer latent period, 
for the contraction process occurred almost simultaneously in these two 
regions. Usually, however, the sphincter contraction slightly preceded 
the bulbar contraction and persisted during the contraction. This ob- 
servation suggests that the sphincter acts to prevent regurgitation of 
duodenal contents rather than to interfere with gastric evacuation. Thus 
the sphincter functions not unlike the valves of the heart. 

Since the balloon method measures volume and pressure changes within 
the gut lumen, it is particularly applicable to a study of the “wave of 
inhibition” which the Law of the Intestine states precedes the wave of 
peristaltic contraction. With the lever method, Alvarez and Mahoney 
could not distinguish relaxation of the intestine from passive distention 
produced by material pushed ahead of the progressing wave of contraction. 
Material forced ahead of such a wave would increase the pressure within 
a balloon while a wave of inhibition would lower the pressure. Records 
obtained by our method from the sphincter and adjacent regions usually 
showed a decrease in intralumen pressure preceding the contraction but 
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the decrease was not constant in occurrence and was small in magnitude, be- 
ing much less than could be produced by certain experimental procedures. 
As recorded in our experiments, the “wave of inhibition” though demon- 
strable, appeared to be neither essential nor particularly important in 
peristalsis and unworthy of emphasis. 

The tone of the antrum, sphincter and bulb (as indicated by a line join- 
ing the lowest point in each cycle) tended to remain constant but when 
changes occurred they were closely duplicated in all three regions (note 
dotted lines fig. 2). An entirely different pattern might be followed in 
other portions of the gut, e.g., the distal duodenum (fig. 2). 

The antrum, sphincter and bulb continued to act as a unit (i.e., behaved 
in a similar manner) in the response to stimuli from the stomach or duo- 
denum (results to be reported in detail elsewhere) or to emotions, dis- 
turbing sounds, ete. The effectiveness of these factors was greater on the 
proximal than on the distal structures as was evidenced by more complete 
inhibition and slower recovery in the antrum than in the bulb: the sphine- 
ter responses were intermediate. Of the four regions studied the inhibitory 
influences were least effective in the distal duodenum. 

Passage of material through the sphincter region will be fundamentally 
dependent on the algebraic difference between antral pressure and bulbar 
pressure. The stomach will tend to evacuate when this quantity is posi- 
tive; when the value is negative, duodenal regurgitation will be favored. 
The pyloric sphincter can influence the passage of material between stom- 
ach and bulb a, by its anatomical conformation; b, by the state of its con- 
traction or relaxation. The factor a is essentially a constant, b is a vari- 
able. From the results obtained in this investigation, contraction of the 
sphincter was not a factor of great significance in the regulation of gastric 
evacuation. The magnitude of sphincter contraction was generally mod- 
erate (usually less than the antral contraction) and the duration was 
generally brief, being shorter than the relaxed period. Recalling the se- 
quential relations in the antrum, sphincter and bulb previously described, 
the sphincter would normally appear to offer slight resistance to gastric 
evacuation and be moderately effective in preventing duodenal regurgita- 
tion. 

During the process of gastric evacuation. Although the behavior of the 
antrum, sphincter and bulb is presented above as being characteristic of 
the fasting state, the descriptions apply with equal accuracy while gastric 
evacuation is in progress. In 125 experiments, substances were in- 
troduced into the stomach or duodenum of fasting dogs while motility 
was being recorded. Distilled water, tap water; hypotonic, isotonic and 
hypertonic sodium chloride solutions; sodium bicarbonate, glycerine, 
sugar and hydrochloric acid solutions; fatty acids, soaps, fat emulsions and 
other common substances were employed as test meals. Detailed ex- 
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amination of the records showed that the fundamental motility 
above usually continued, although the rate and amplitud 
might be temporarily altered. 

Following vagotomy. Analysis of 34 records of spontaneous 
made on 5 chronic animals following bilateral vagotomy showe: 


tial change in the motility of the antrum, sphincter and bulb either durin, 


fasting or during gastric evacuation. The spontaneous movement- 
these structures appeared fundamentally to be practically identir 
those in the normal animal (fig. 3) and therefore were not dependen 
vagus innervation. The amplitude of contraction in all three regions \ 
moderately decreased following the operation and the peristaltic wa 
were sometimes slightly less frequent. 

These results indicate that vagotomy alters the process of gastric evacua- 
tion (Meek and Herrin) by depressing the amplitude of antral contractions 
changes in sphincter behavior not being significantly involved. Our 
observation of peristaltic waves passing into the duodenum after vagotomy 
should be contrasted with those of Ivy and Vloedman, who found no cor- 
relation between gastric and duodenal motility following surgical separa- 
tion of these structures. Intrinsic, rather than vagal nervous connections 
appear to be essential for the passage of the gastric wave to the duodenum 
In this connection, it should be recalled that vagotomy leads to marked 
degeneration of the interlacing network of the intrinsic nerves, only the 
local ganglion cells and their processes remain (Johnson). 

Discussion. The gastric peristaltic wave passes on to the sphincter and 
the duodenum so the sphincter and bulb are in the relaxed or relaxing 
phase during antral contraction and are contracting during antral relaxa- 
tion. Our observation of this phenomenon is supported by reports of 
several other investigators. As the result of fluoroscopic examination of 
man, Cole; Luckhardt, Phillips and Carlson; McClure, Reynolds and 
Schwartz; Hurst and Briggs and Klein reported that the sphincter opens 
during each antral contraction and the expulsion of a small amount of 
gastric contents occurs. The method employed, however, did not permit 
differentiation between dilatation of the sphincter due to sphincter inhibi- 
tion from that produced by material forced into it from adjacent regions. 
Joseph and Meltzer, Payne and Poulton, Ivy and Vloedman, Quigley and 
Solomon made records simultaneously from balloons introduced into the 
stomach and duodenum and observed the passage of gastric peristaltic 
waves into the intestine. Freeman observed rhythmic peristaltic waves in 
the human antrum and sphincter during gastroscopic studies. In anes- 
thetized or acutely operated dogs Wheelon and Thomas placed balloons 
in the antrum, sphincter and bulb and noted the passage of peristaltic 
waves in a manner agreeing closely with our observations on unanes- 
thetized animals. However, in dogs not under drug influence Thomas and 
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Crider obtained somewhat different and more complex results. They 
concluded that the gastric influence on the duodenum was predominantly 
inhibitory. With the stomach empty they obtained irregular duodenal 
motility and the stomach was essentially quiescent. We have reason to 
believe that their results were distinctly modified by experimental meth- 
ods. Alvarez and Mahoney emphasized a blocking of peristaltic waves at 
the sphincter but also described the “influence”? of many gastric waves 
spreading onward to produce a ‘‘tone wave”’ in the duodenum upon which 
rhythmic contractions were superimposed. 

Our observations show that the pyloric sphincter is essentially a relaxed 
structure, which contracts only at intervals, notably following arrival of a 
gastric peristaltic wave. Contrary to this is the general impression that 
the sphincter is closed at all times except when forced open by pressure 
developed from a neighboring region. The idea is well expressed by Can- 
non’s description of peristaltic waves rhythmically pushing food against 
the sphincter, sometimes for half an hour without causing it to open. It 
is probably true that each antral peristaltic wave does not cause gastric 
evacuation even when the sphincter is not contracted and thus the im- 
pression may result, especially from x-ray studies, that a contracted sphinc- 
ter is responsible (Haneborg, Klein). The failure of the stomach to empty 
may be due to 1: The antral waves which appear to be “powerful”? may 
actually develop only moderate pressure and be insufficient for evacuation 
even through a relaxed sphincter. ‘‘Deep cutting antral waves” are pro- 
duced with less effort if the intra lumen pressure is low than when more 
resistance is encountered. 2. The anatomical conformation of the 
sphincter probably prevents significant gastric emptying unless the antral 
propulsive force exceeds a certain value. This threshold value would be 
higher when the test meal contains solid material particularly when large 
particles are present. Thus the “sieve-action” of the pylorus may not 
necessitate a clamping shut of the sphincter. 3. Elevated pressures in 
the duodenum, such as develop, e.g., when the duodenum fails to relax or 
when duodenal contents fail to move onward, may also interfere with 
gastric evacuation. The tandem balloon method employed in our in- 
vestigation definitely measures most of these factors. 


SUMMARY 


Employing the balloon method in unanesthetized dogs we have meas- 
ured the tone and motility variations simultaneously in the pyloric antrum, 
sphincter and duodenal bulb. It was demonstrated that in the fasting 
state and also during gastric evacuation, frequent peristaltic waves sweep 
over these structures. The sequential relations show the sphincter and 
bulb are relaxed during antral contraction, thus gastric evacuation is 
favored. Contraction of the sphincter usually precedes and lasts through- 
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out bulbar contraction and thus interferes with regurgitation into t} 
trum which is relaxed during this interval. The ‘Law of the Intest 
has been demonstrated in this region but the “preceding wave of i 
tion”’, though present, appears to be of but slight significance 

of response (tendency to behave as a unit) in these portions of thi 


the effect of a variety of stimuli from the stomach or duodenum 
fundamental motility was not essentially modified by bilateral vagot 


emphasized in respect to the passage of peristaltic waves, tone changes 
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The similarity of symptoms existing between insulin convulsions and 
anoxic convulsions (Olmsted and Logan, 1923) was the basis for investigat- 
ing the anoxia theory of insulin convulsions. Holmes (1930) found that 
the oxygen consumption of brain tissues increased with increasing glucose 
concentration in the medium. Moreover, he demonstrated that animals 
which had been given insulin showed a lesser oxygen consumption by grey 
matter than did the brain of normal animals. Similar experiments were 
carried out by Wortis (1935), who confirmed Holmes’ findings, and showed, 
also, that insulin diminished the oxygen consumption by brain tissue. 
Dameshek and Myerson (1935) observed in man that during severe hypo- 
glycemia dextrose and oxygen consumption of the brain were materially 
reduced. These findings, recently confirmed by Himwich and Fazekas 
(1937), suggest strongly that in the production of insulin convulsions a 
state of anoxia is involved. In order to test this hypothesis the question 


was studied whether the exposure to low barometric pressure has a typical 


influence on the convulsions produced by insulin in rats. 

Mertuop. Prior to the insulin injections all rats were starved for 24 
hours. Each rat was subjected to three experiments carried out in inter- 
vals of 5 days in which the same amount of insulin was injected intraperi- 
toneally. In the second experiment the animal was placed for 2 hours in a 
low pressure chamber (at 460 mm. Hg) immediately after the injection. 
In the first and third experiment the animal remained under atmospheric 
conditions. The onset of the insulin convulsions was determined. Thus 
each animal was its own control. 

Further studies were made on the effect of insulin on the blood sugar with 
and without oxygen deficiency, the former induced by exposing the animal 
to 460 mm. Hg for one hour. Each rat was again subjected to three ex- 
periments in intervals of 5 days. The blood was drawn from the heart, 
and the Folin and Malmros (1929) method was used. 

Resutts. In a preliminary set of experiments 20 rats were injected 


' Preliminary report, Proc. Am. Physiol. Soc., 1936, p. 61. 


358 


OXYGEN DEFICIENCY 


AND SENSIBILITY 


with 3.5 to 4 units of insulin (Lilly) per kilo, and 

days later injected with the same amount of insulin and expos: 
minutes to a pressure of 460 mm. Hg. 17 
pressure chamber after a time had elapsed equal to one-half the 


TABLE 1 


‘he rats were placed in 


Latent period of convulsions in minutes 
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period of convulsions as determined in the first control. It was found that 


17 rats showed convulsions in this series, which started earlier when the 
animals were subjected to the low pressure than in the control experiments 
carried out under ordinary atmospheric conditions before and after the 
low pressure experiments. Since, however, the differences in the latent 
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period of convulsions (time between injection of insulin and onset of con- 
vulsions) were not very great, it seemed advisable to extend the period of 
oxygen deficiency. In the main group of experiments 44 rats were in- 
jected with similar amounts of insulin. Fourteen of these rats did not 
show any convulsions. Therefore, their records are eliminated from the 
table. For the remaining 30 rats the latent period of insulin convulsions 
is given in minutes in table 1. When the latent period under low pressure 
is shortened a + is given under “Results”; when no change or a lengthen- 
ing of the latent period occurred a + and — respectively is indicated. It 
is evident from the table that the latent period of insulin convulsions was 
shortened in 24 cases (80 per cent). In three cases (10 per cent) (nos. 13, 
24 and 29) the opposite result was obtained, whereas in three other cases 
(nos. 10, 11, 12), (10 per cent), the result was indecisive (+) because the 
differences were very small, or, as in no. 12, the latent period increased 
with repeated insulin injections so that the two controls did not check 
satisfactorily. Control experiments with rats not injected with insulin 
showed that the low pressure used did not produce any symptoms within 
2 hours and convulsions did not occur even when the time of exposure 
was greatly lengthened. 

The result, that in general the latent period of insulin convulsions is 
reduced when the rat is temporarily exposed to a diminished oxygen ten- 
sion in the air, becomes more striking by studying the individual records. 
Table 1 shows that 16 of the 24 rats which showed a reduction in the latent 
period of convulsions died in the low pressure-insulin experiment, although 
glucose was immediately injected after the onset of convulsions. None of 
the rats so treated died when the insulin convulsions were produced by : 
similar amount of insulin under ordinary atmospheric pressure. In 5 
other cases (nos. 1, 14, 15, 21, 27) the animals did not show insulin con- 
vulsions in the two control experiments which preceded and followed the 
low pressure-insulin experiment, but did so when the Q.-tension in the air 
was diminished. The results show clearly that the effects of insulin be- 
come greatly aggravated under conditions of a relative light anoxia which 
in itself has no apparent effects on the animals. 

In a second series of experiments the inf!uence of insulin on the blood 
sugar was studied under control and low pressure conditions. First it 
was found that the exposure of rats to 460 mm. Hg for one hour did not 
significantly alter the blood sugar. Prior to the experiment the mean 
was 77.6 mgm. per cent (standard error +2.6). In the rats exposed to 
the low pressure chamber for one hour the mean was 81.5 mgm. per cent 
(standard error +4.4). The results of these controls are in line with the 
experiments of Evans (1935), who found that even after a 3 hour exposure 
at a still lower pressure than used in our experiments no significant change 
in blood sugar occurred. 


OXYGEN DEFICIENCY AND SENSIBILITY TO INSULIN 


In the main group of experiments 19 rats were injected with in- 
the blood sugar determined one hour later. This experiment wv 
after five days while the animal was exposed to 460 mm. Hg f 
and 5 days later the control experiment (insulin at norma! ati 


pressure) was carried out again. The results of these experiments 


given in table 2. They show that the decrease in blood sugar resul 
from the insulin injection was slightly less at lowered barometric pres 
than occurred in the controls carried out before and after in the samy 
mals. We are not inclined to attach great weight to these differe: 
since they are at the border line of statistical significance. They may 
dicate, however, that a given oxygen deficiency which does not produr 
any alteration in blood sugar in control animals may diminish the insuli 
effect on blood sugar by calling forth secretion of adrenaline. That this 
diminution in the blood sugar response to insulin is not due to a diminished 
sensitivity of the low pressure animals to insulin is clearly brought out by 


TABLE 2 
The decrease in blood sugar after insulin under normal and low bare 
Series I. Control 
Mean decrease in blood sugar 
Standard error 
Series IJ. Four hundred and sixty millimeter barometric pressure for | hour 
Mean decrease in blood sugar 
Standard error 
Series III. Control 
Mean decrease in blood sugar 
Standard error 


the shortened latent period of the convulsions and the greater fatality 
At any rate, the experiments show that this increased insulin sensitivity 
does not involve a greater decrease in blood sugar. 

Two conclusions may be drawn from these experiments 

1. Insulin convulsions are more rapidly precipitate din rats when thi 
animals are subjected temporarily to a period of oxygen deficiency which 
in itself is apparently without any harmful effect. 

2. If the blood sugar determinations obtained one hour after insulin are 
a fair indicator of the later course of the blood sugar it is probable that at 
low oxygen tension the insulin convulsions are precipitated at the same or 
an even slightly higher blood sugar level than is observed in rats subjected 
to the same amount of insulin at atmospheric pressure 

Since the low pressure employed in these experiments does neither alter 

2 Blood sugar determinations during insulin convulsions are unsatisfactory be- 


cause of the influence the degree and duration of convulsions have on the blood 
sugar level. 
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the blood sugar nor induce any signs of anoxia in the control experiments 
(without insulin) and since it causes the insulin convulsions to occur earlier 
and very frequently in a more severe form (greater fatality) it may be 
concluded that insulin and oxygen deficiency have a potentiating effect 
on each other. This is easily understandable if we, on the basis of the 
observations of Holmes, Wortis, Dameshek and Myerson reported above, 
assume that hypoglycemia produces a state of relative anoxia in the brain. 
If this is the case the sensitivity of a hypoglycemic animal to oxygen de- 
ficiency must be greater than that of control animals with a normal blood 
sugar. ‘This conclusion is supported by the work of Moldavsky and Gell- 
horn (1937), who showed that the effect of the inhalation of gas mixtures 
low in oxygen on the blood pressure was greatly augmented during hypo- 
glycemia. Further, the behavior of the animals during insulin convulsions 
under atmospheric pressure and in the low pressure chamber favors this 
interpretation. 


Under atmospheric pressure, after a convulsive dose of insulin has been 
administered, the rat begins to show signs of depression and as this depres- 


sion becomes more marked, it drags its tail and has a tendency to keep, or 
press, its body on the bottom of the cage. Later, it spasmodically jerks 
in various directions and finally twists and turns over and over. 

The animals that convulsed in the low pressure chamber after insulin 
showed the same symptoms except the twisting and turning. These 
animals just before convulsing jump up and down several times and then 
fall on their side. Only once did an animal in the low pressure chamber 
start to twist but its final movements consisted of a high leap and fall 
after which it remained quiet. This picture in the low pressure chamber is 
practically the same as when normal animals are subjected to very severe 
anoxia. Thus it appears as if the insulin injected animals were suffering 
from a relative anoxia which is greatly aggravated when the animals are 
exposed to a reduced oxygen pressure, although the latter is entirely harm- 
less to noninsulinized control animals. 


SUMMARY 


The effect of oxygen deficiency (reduction of the barometric pressure 
to 460 mm. Hg) was studied on the production of insulin convulsions and 
hypoglycemia in rats. The results are: 

1. The insulin convulsions show a greater severity and a shortened 
latent period under low pressure. 

'2. The combination of insulin and low pressure does not cause the blood 
sugar to fall below the level observed in the same animals when the rats 
remain under atmospheric conditions after the injection of insulin. 

3. The clinical picture of convulsions shown by the rats in the low pres- 
sure chamber resembles that of rats suffering from extreme degrees of 
anoxia. 


OXYGEN DEFICIENCY AND SENSIBILITY TO 


4. The low pressure (460 mm. Hg) used in these experim 

any apparent effect on noninsulinized rats even when the time 

is many times greater than that employed in our experiment 
These facts seem to indicate that low blood sugar interferes 


oxygenation of the central nervous system. Therefore a mild degre¢ 


oxygen deficiency under conditions of low blood sugar leads to sympt 


which are similar to those obtained at normal blood sugar level only 
conditions of extreme anoxia. 
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To determine the effect of various treatments upon the gonadotropic 
content of the hypophysis of the rat, mouse and other laboratory animals, 
the method of choice has usually consisted of implanting entire glands, 
or multiples thereof, into immature female rats or mice and employing 
increase in ovary weight as the end-point. There are serious objections 
to these methods: a. As Emery (1) has shown, some implants become 
vascularized and continue to elaborate hormones, others are absorbed 
completely without “‘taking,”’ while still others may become encapsulated 
by connective tissue. Kylin (2) likewise introduced evidence to show that 
small pieces of pituitary gland can become vascularized and remain func- 
tional for months. 6. The implantation methods have the further dis- 
advantage of being only roughly quantitative, that is, only the potency 
of one or more whole glands can be conveniently measured. Use of the 
implant method in this laboratory has led to great variation in results. 
c. The use of the ovarian end-point requires relatively large amounts of 
material, usually one or more glands, to produce a positive response. 
When statistically significant results are desired, on large numbers of test 
animals, the number of donor glands required becomes almost prohibitive. 

In looking beyond the ovarian weight changes as the end-point for 
assaying materials for gonadotropic content, we had the following objec- 
tives in mind: a, to find an end-point that would be sensitive to small 
amounts of material and which would permit the use of a sufficiently large 


number of animals to be statistically significant without exhausting a 
limited supply of material; and b, to use a method other than implantation 


that would result in a more uniform and reliable response in the recip- 
ient animal. 

Most workers who have had occasion to use the immature ovary as an 
assay end-point have observed a collateral uterine stimulation. A. E. 
Severinghaus (3), Emery, Bash and Lewis (4), Davy (5), and others have 


1 This research was supported in part by a grant from the Wisconsin Alumni 
Research Foundation and by a fellowship furnished by the Schering Corporation. 
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pointed out the phenomenon of uterine enlargement, | 

connection with enlarged ovaries, and in general have not consics 
constant and predictable enough to be useful as an end-point 

Siddall (6, 7) used the combined uterine and ovarian weight of the 
mature mouse as an end-point for a pregnancy test, and suggested 
method for qualitative assay of pituitary and placental extracts. Cahes 
and Ardoint (8) published a note in 1936 on the use of uterine weights a 
a method for the assay of pituitary extracts. They did not state 

the uteri were weighed with or without the intra-uterine fluid intact. In 


a previous study on the effect of estrin treatment upon the gonadotropir 


potency of the pituitary of the castrated female rat (to be published 
the present authors found that the uterus of the immature rat served as 
a very sensitive and reliable end-point. The method consisted of deter- 
mining the smallest amount of pituitary suspension which caused a definite, 
grossly-visible, enlargement of the uterus. We found this amount to be 
about 4 of that required to produce minimal ovarian weight increase 
Shortly after the completion of this experiment, Levin and Tyndale (9 
announced the use of increase in the weight of the immature mouse uterus 
in the assay of castrate and menopause urine extracts. They tentatively 
defined the mouse unit as the minimal amount, which when given twice 
daily for three days to five mice, would produce a 100 per cent increase in 
average uterine weight (fluid removed before weighing). An error of no 
more than 25 to 30 per cent was claimed. Owen and Prince (10) have 
published a chart showing stages in the changes in macroscopic size of the 
uterus and ovaries, as a guide for quantitative assay of pregnancy urine 
and certain pathological urines, but they make no mention of the quantita- 
tive relationships of the various stages, or reactions. 

Thomsen and Pedersen-Bjergaard (15) have recently reported a gonado- 
tropic assay method in which changes in vaginal histology are utilized. 
Their rat unit is defined as the smallest quantity of the material which, 
when injected over a three day period into immature rats, will produce 
full cornification of the vagina, as determined by histological section 
These authors have standardized the reaction of doses less than | R.I 
and hence are able to assay small amounts with considerable accuracy. 

The present study was undertaken to make a comparison, on a statistical 
basis, of the following gonadotropic assay end-points: minimal uterine 
enlargement, uterine weight increase, vaginal opening, vaginal weight 
increase, and minimal ovary weight increase. For this purpose, the 
pituitary gland of mature female rats, castrated for a period of 20 days, 
was chosen as the source of gonadotropic material for the following reasons: 
a, it is relatively potent; b, lends itself to comparison with normal and 
treated rat pituitaries, and c, serves as a standard which can readily be 
reproduced. 
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Metuops. Extraction or desiccation of the pituitary glands as a pre- 


liminary treatment to injection might conceivably overcome some of the 
disadvantages of the implant method. However, until the chemical 
nature of gonadotropic substances is more completely understood, it was 
felt that the use of fresh, untreated materials would eliminate the intro- 
duction of extraneous factors which might result in alteration of potency 
and loss of material. In order to exclude the undesirable features of the 
implant method, and yet use fresh materials, we adopted a suspension 
method suggested to us by Doctors Meyer and Hertz of the Zoology 
Department. We have found it elicits a more uniform response as judged 
by ovarian weight increase, as well as by other criteria to be described, 
and has the added advantage that small and exact fractions of the gland 
can be assayed. 

Fifty-seven mature female rats of the highly-inbred Sprague-Dawley 
strain, ranging from 19 to 30 weeks in age, were ovariectomized in groups 
of nine to fourteen on five different days. After a period of 20 days, the 
rats of each group were killed by rapid decapitation, the whole pituitaries 
aseptically removed, and placed in a 15 ce. sterile, ice-cooled graduated 
centrifuge tube. The pooled glands of each group were thoroughly mac- 
erated by means of a glass rod ground to fit the bottom of the tube. Sterile 
distilled water was added in a quantity calculated to give a resulting sus- 
pension of definite concentration. The suspension was then broken into 
very fine particles and thoroughly mixed by being alternately drawn into 
and ejected from a small syringe fitted with a fine gauge needle. This 
treatment lysed practically all of the cells, so that microscopically only 
cellular debris and occasional clumps of connective tissue fibers were seen. 
The possibility that any cells would grow and continue to elaborate hor- 
mones in the tissue of the recipient was thus virtually eliminated. From 
this stock suspension graded dilutions were made to represent total dosages 
ranging from 0.25 mgm. to 8.0 mgm., when administered in nine sub- 
cutaneous injections of 0.5 ec. each, twice daily, over a period of 43 days. 

Two hundred and twenty-eight female rats from the Sprague-Dawley 
colony, exactly 21 days of age and ranging from 34 to 39 grams in weight 
at the beginning of the injection period, were employed as test animals. 
They were divided into five series of 42 to 48 rats each, corresponding to 
the five groups of castrate donors. The assay was conducted in five series, 
with 3 rats (2 or 4 in a few cases) on each dose level in each series, represent- 
ing a total of 15 animals on each of the 15 dose levels. In this way we 
hoped to be able to detect any slight differences in potency among the 
five pooled hypophyseal suspensions, as well as to be able to observe the 
individual variations occurring on any dose within a given series; in other 
words, to study the variability among the five groups of glands, as well as 
the variability of response on the part of the test animals. 
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Injections were begun the evening of the day 
continued morning and evening until a total of 9 injections | 
Great care was taken to keep leaks at site of injection at 
suspensions were stored at 4°C. between imjections. The 
topsied the morning after the last injection, when they 
age. The degree of gross uterine enlargement was not 
in situ, and graded according to the following scale (see 
tile; greater than infantile but less than one plus; one p! 
three plus. The uterus, ovaries, and vagina were removed 


free of fat and connective tissue. The uterus was separated 


vagina by cutting through the cervix and from the oviduct- 


Fig. 2 
1. Infantile uterus 
2. One plus enlargement 
3. Two plus enlargement 
1. Three plus enlargement. Surrounding fat has been removed 
mately natural size 


junction with the uterine horns. Each organ was weighed separately, 


the uterus being weighed before and after the fluid had been gently pressed 


out on moistened blotting paper, according to the technique of Levi 
and Tyndale (11). 

Resutts. The results will be presented first considering the five series 
asa Whole, and then the results of each series will be analyzed separately 

Vaginal opening occurred first at the 1.75 mgm. level in 3 of 15 animals 
At 2.0 mgm. 8 of 15 were open; at 3.0 mgm. 12 of 15; vet in no group above 
this level were all vaginas open. Even at the highest level, 8.0 mgm., 4 
of 15 vaginas failed to open. (See table 1.) 


Vaginal weight. The mean and extreme vaginal weights are shown i 
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figure 5b. The control average was 16.1 mgm. with range from 13.3 mgm. 
to 19.8 mgm. The first significant increase above this level occurred in 
the 0.75 mgm. group, the mean being 21.1 mgm., or 32 per cent increase. 
(See table 1.) The curve of the means rises rapidly to a maximum at the 
2.0 mgm. dose, and recedes very slightly in the higher dose levels. “The 
close correlation with uterine weight (minus fluid) is seen in figure 5 and 
table 1. The range of variation is smaller than in the case of the uterus, 
but the average weights are correspondingly less, so that the relative 
variation is about the same in both cases. 

Gross uterine enlargement above infantile size was absent in all cases in 
the 0.25 mgm. and 0.50 mgm. groups. The first definite visible enlarge- 
ment occurred in the 0.75 mgm. dose group in 6 out of 15 rats. At 
1.00 mgm. 13 of 15 responded; at 1.25 mgm., 13 of 15; and above this dose 


TABLE 1 
Summary of vaginal, uterine and Ovarian FES PONSE 
The total number of positive responses, based on definitions given in the text, 
are given for each dose. There were 15 animals on each dose. 
DOSE IN MILLIGRAMS 


END-POINT 
5 | 0.50 | 0.75 | 1.00 | 1.25 | 1.50 1.75 | 2.0' 30 


Vaginal opening 12 
Vaginal weight 3 5 15 
Uterus enlargement 3 f 5 15 
Uterus weight 5 15 


Ovary weight 0 
Average weights 


Vaginal weight 18.0 16.6 . 25.6 32.0 42.4 42.3 45.5 42.0 42 ; 44.5 
Uterine weight Is.6 20 97.3) 37.1) 68.4! 72.8 &3.6 80.0 71.8 75.2) 78.0) 59.2) 67.0 


Ovarian weight 12.3 11 10.2, 10.5) 11.0) 11.1) 10.7) 11.6) 11.1) 13 ; 15.8 15.0 17.0 


all uteri exhibited a positive visible enlargement. Table 2 shows the 
frequency distribution of the various grades of enlargement at all dose 
levels. The response reaches a maximum between 1.75 mgm. and 4.0 mgm. 


and gradually decreases in the highest doses. Table 4 illustrates the 


relative accuracy of gross judgment of uterine enlargement as compared 
with the use of uterine weights. The similarity of the distributions shown 
in tables 2 and 3 is quite striking (the degree of enlargement was graded 
before weighing in all cases). 

Uterine weight. (See fig. 5 and tables 1 and 3.) The first weight in- 
crease occurred at the 0.75 mgm. dose, with 6 of 15 uteri exceeding control 
range, representing a mean increase of 50 per cent above control average. 
At the 1.00 mgm. dose, 10 of 15 uteri were above the control weight range, 
a mean increase of 100 per cent. The curve rapidly rises to a maximum 


12 13 13 14 11 
15 15 15 15 15 
15 15 15 15 15 
15 15 15 15 15 
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at 2.0 mgm. and gradually recedes as the dose increases. To test tl 
reliability of the differences between the successive means on the ascending 
part of the curve, Fisher’s (12) method of t was used babil 
that a given difference is due to chance was calculated. 


was less than one or two chances in one hundred, the 
sidered as quite significant. On this basis, the mean uterine 
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Fig. 5 A. Mean and extreme uterine weights of all series combined. Each point 
represents the mean of 15 uterine weights. 

5 B. Mean and extreme vaginal weights of all series combined. Each point 
represents the mean of 15 vaginal weights. 


the 0.75 mgm. dose group significantly exceeded the means of the controls, 
the 0.25 mgm., and 0.50 mgm. groups; the mean of the 1.00 mgm. group 
significantly exceeded the mean of the 0.75 mgm. group; the difference 
between the 1.25 mgm. and 1.00 mgm. groups was not significant; the 
mean of the 1.50 mgm. group was significantly greater than either the 
1.00 mgm. or 1.25 mgm. means. The differences between the remaining 
successive means were not significant. 
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Ovary weight. Table 1 gives the mean ovary weights for all dose levels, 
and indicates the number of rats in each dose group the ovaries of which 
exceeded the control range (maximum control weight was 17.7 mgm.). 
Fifteen control weights from rats of the same age are added from a previous 
study. The mean weights are within normal limits up to the 0.75 mgm. 
level. At the 0.75 mgm. and 1.00 mgm. doses, the mean ovary weight 


TABLE 2 


Frequency distribution of the stages of uterine enlargement 


DOSE IN MILLIGRAMS 
DEGREE OF UTERINE ENLARGE- 


MENT Con- 


trol 0.250 500.75 1.001.251.50175 20 30 4.0 506070 


Infantile 

> Inf. < One plus 
One plus 

Two plus 

Three plus 


TABLE 3 


Frequency distribution of uterine weight (minus fluid) 


DOSE IN MILLIGRAMS 
UTERINE WEIGHT 
INTERVALS (MGM 

025 050 0.75 1.00 1.25 1.50 


5.0- 26 
34.5 
44.5 
O- 
64.4 
74.§ 
Q- 84.6 
85.0— 94.6 
95 .0-104.§ 
105.0-114. 
115.0-124.$§ 
125 .0-134.§ 
135 .0-144.$ 


shows a slight, but statistically significant, decrease below control level. 
At the 6.0 mgm. level the first statistically significant increase occurred. 
This level is taken as the unit of minimal ovary weight increase for the 
five series taken as a whole. 

Analysis of results of each series. Table 5 summarizes the results of the 
individual series. The number of donor animals, their mean age and body 
weight at autopsy, and the mean pituitary weights are given. The re- 
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maining columns indicate the doses of the pituitary suspension in 
grams which elicited unit response in each of the end-points investigated 
The units are defined below. 

Vaginal opening. The unit is defined as the minimal amount, when 
administered as described above, which caused vaginal opening in at least 


TABLE 4 


Frequency distribution diagram, illustrating the relative accuracy of judgment of gross 


uterine enlargement as compared to uterine weights, minus fluid 


DEGREES OF UTERINE ENLARGEMENT 
UTERINE WEIGHT 
INTERVALS (MGM.) 
Infantile : One plus Two plus 


5.0- 26.8 65 
>.9- 34.! 
.O- 54.4 
5.0- 64.§ 
O- 74.§ 
O- 84.6 
5.0- 94.4 
0-104. 
0-114.6 
5 .0-124.¢ 
0-134. 
35 .0-144 .¢ 


TABLE 5 
Summary of the results of the individual series 


For unit definitions see text 


UNIT DOSES IN MILLIGRAMS 
MEAN MEAN 


DONOR PITUITARY 
WEIGHT WEIGHT 
(GRAMS) (MGM.,) 


SERIES Uterine 


enlarge- 
ment 


Uterine Ovary 
weight weight 


Vaginal Vaginal 
opening weight 
1] 256 14 3.00 00 0 
11 2 253 : : 75 
12 268 13 00 7 : 75 

9 23 270 13 2.00 : ‘ 75 
14 4 260 13 75 75 


one of three test animals. From table 5 it is seen that in series IT and V 
the minimal response occurred at 1.75 mgm.; in series III and IV, at 2.0 
mgm.;and in series I, at the 3.0 mgm. dose. Vaginal opening as a gonado- 
tropic end-point has been far less satisfactory, in our experience, than any 
of the others employed, for the following reasons: a, it is quite variable; 
b, even at the highest dose level employed, some vaginas failed to open; 
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c, many of the unopened vaginas weighed as much as, or even more than, 
many of the vaginas which had established the orifice, and d, it is less 
sensitive than uterine or vaginal weight end-points. 

Vaginal weight. The control average weight was 16.1 mgm. with a 
maximum of 19.8 mgm. The unit may conveniently be defined in two 
ways, both giving essentially the same result; namely, as the minimal 
amount of suspension which produces a mean vaginal weight a, 25 to 30 
per cent above control average, or 6, which exceeds the highest control 
weight, i.e., above 19.8 mgm. On the basis of these definitions, the unit 
dose for series I was 1.0 mgm., and for all the others, 0.75 mgm., corre- 
sponding to the results on uterine enlargement and uterine weight. It is 
obvious that this end-point is more uniform, more sensitive, and more 
reliable than vaginal opening. However, since a, a very high degree of 
correlation exists between uterine and vaginal weights, and b, the uterus 
is more easily removed and prepared for weighing than the vagina, and c, 
the uterine weight curve (see fig. 5) is steeper at the minimal level, thereby 
permitting more accurate localization of the unit dose, it is concluded 
that the use of vaginal weights offers no improvement over uterine weight 
as an assay end-point. 

Vaginal histology. In one series of animals representative vaginas were 
sectioned and measurements made. It was found that slight histological 
changes occurred at the 0.5 mgm. dose, indicating that vaginal histology 
might serve as a somewhat more sensitive end point than uterine weight. 
On the whole, vaginal histology substantiated the uterine weight changes. 
As the dose was increased, there was a progressive change in epithelial 
thickness, cell types, and number of cell layers. For example, in the 
control animals the epithelium averaged 0.018 mm. in thickness, con- 
sisting of 3 layers. At the 0.5 mgm. dose level, the thickness averaged 
0.020 mm., cuboidal cells predominated, and there were 3 to 5 cell layers. 
At 1.0 mgm., the epithelium was 0.045 mm. thick, the cell type, statified 
squamous, and the cell layers numbered from 6 to 10. At 2.0 mgm. the 
thickness was about 0.08 mm., the superficial cells were cornified, and 
there were more than 10 cell layers. Comparison of our findings with 
the excellent photographs and text descriptions of Thomsen and Pedersen- 
Bjergaard (15) indicate that 2 mgm. of our 20-day castrate pituitary 
suspension are approximately equivalent to one of their rat units (assuming 
no marked strain difference in reactivity), while 1 mgm. roughly corre- 
sponds to the stage which they designate as 3 to { rat unit, and 0.5 mgm. 
is approximately equivalent to the reaction they obtain with | R.U. We 
are thus able to confirm the findings of these authors. However, it seems 
quite evident that the uterine weight method is not only much simpler 


than, but practically as sensitive as, a method based on vaginal histology. 


(rross uterine enlargement. The unit is defined as the smallest amount 
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MGM. 


UTERUS 


TOTAL PITUITARY INJECTED - MGM 
Fig. 6. Uterine weights of each series. The vertical bar on the zero ordinate 
represents the uninjected control weight range. The curves are a reproduction of 
figure 5 A, and are shown to facilitate comparison between series. 


of injected material which produces definite gross enlargement of the 
uterus in at least one of three test rats. As is shown in table 5, the first 
enlargement in series II, III, IV, and V occurred at 0.75 mgm., while for 


series I the unit dose was found to be 1.0 mgm. 
Uterine weight. The unit is defined as the smallest amount which 
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produces uterine weight above the control maximum (26.8 mgm.) in at 
least one of three animals, or which gives an average weight increase 50 
per cent above control average. On the basis of either definition, the 
unit dose for series II to V is 0.75 mgm., and for series I, 1.00 mgm. (See 
table 5.) In figure 6 all uterine weights of each series are plotted. Super- 
imposed on each graph is the curve of the mean uterine weights for all 
series taken as a whole (see fig. 5a). Table 6 presents the average uterine 
weights for each series compared with the total averages. With the 
exception of series I, there is fairly close agreement among the series, 
especially below the 1.75 mgm. level. Series I shows a slight lag behind 
the others, suggesting that this batch of pituitaries was somewhat less 
potent than the other four. The variation on the 0.75 mgm. and 1.0 
mgm. doses within any given series is not great. Beyond this level, the 


TABLE 6 


Average uterine weights (without fluid) of each series compared to 
total average of the combined series 


All weights in milligrams 


DOSE IN MILLIGRAMS 
SERIES 
0.25 | 0.50 | 0.75 | 1.00, 1.25 1.5 1.75 2.0 3.0 


46. 32.068 .7|'75.9 95.8 

21.8 20.4 29.742.252.565. 2 .8 84.9 58.3 67.683 .8 50.5 
17 .9/22 53.4 3.4.96 .5'79 .9 83.677 .9 58.6 55 
53.5) 63.663 44 .3)73 . § 
18.9 21.3:31.730.5/46.467.2 98. 36.687 .3 62.6. 85.5 80.3)68 


Total.. 18.6 20.2 27.3 37.1 45.6 68 28 83.680.071.875.278 059. 267.0 


variation increases considerably. Although each series approximates the 
curve of the combined series reasonably well, it is only at the very minimal 
doses (0.75 mgm. and 1.00 mgm.) that close agreement exists. Hence, it 
is at the minimal levels that the uterine weight curve is most valuable, 
insofar as our experience is concerned. 

Ovarian weight. The unit of minimal ovarian weight increase is defined 
as the smallest quantity which produces increase in the weight of both 
ovaries above the control maximum (17.7 mgm.) in at least one of three 
test animals. This unit is somewhat smaller than the one generally 
adopted, in which 50 to 100 per cent increase is required. The unit doses 
(see table 5) are as follows: series I, 7.0 mgm.; series II, 6.0 mgm.; series 
III, 6.0 mgm.; series IV, 8.0 mgm.; and series V, 5.0 mgm. These figures 
are in relatively close agreement, again reflecting the uniformity of the 
potency of the pituitaries from mature female rats, castrated for 20 days. 


ee 4.0 | 5.0 | 6.0 | 7.0 | 8.0 
I 21.6 6 

II 18.3 
III 19.7 9 
IV 16.3 7 
V 16.8 2 
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Discussion. The uterus of the immature rat 
better than the other end-points investigated. It is sensitive t 
amounts of gonadotropic substances, permitting the use of relatively 
numbers of test animals, and it is reliable. The minimal uterin 
as judged by gross enlargement or weight increase, occurred at 
mgm. level, while ovarian weight did not increase until the 6.0 1 
was reached. The uterine end-points, in this investigation at least, 
therefore about 8 times as sensitive as the ovarian weight end-point 

The data from each series show that the uterine units have been deter- 
mined with an error of less than +0.25 mgm., or less than 33 per cent 
The fact that the results of the five series were in such close agreement as 
regards the unit dose, shows that it is possible to determine the gonado- 
tropic potency accurately with as few as three test animals on each dose 
level. Using this number of rats per dose, the accuracy of the assay will 
depend almost entirely upon how closely the doses are graded. Since only 
the first part of the uterine weight curve is useful, it is suggested that a 
preliminary assay be run using a single animal at each of rather widely 
separated dose levels in order to locate approximately the minimal range 
of response. This done, a final assay can be conducted, concentrating 
on this narrowed range and employing three or more animals on each of 
very closely graded doses. In this way the unit dose can be located rather 
exactly. Either the gross enlargement or weight end-points can be used, 
but the latter, of course, has the added advantage of being more objective 
and more readily analyzed statistically. 

Where the quantity of material to be assayed is too limited to permit a 
preliminary assay to be made (as in the case of individual pituitaries or 
small samples of blood), a combination of uterine and ovarian weight 
end-points would be useful, provided the ratio between the two units has 
been determined for the type of material being assayed. For example, 
in assaying a pituitary from a treated castrate rat, a single test animal 
responds to a given dose with a 65 mgm. uterus. Reference to the fre- 
quency distribution in table 3 shows that this response indicates a potency 
equal to anywhere from 1 mgm. to 8 mgm. of the 20 day castrate standard 
pituitary. If, however, the ovaries of this test rat weighed 20 mgm., one 
would conclude that the potency of that dose was equivalent to about 
8 mgm. of the standard pituitary. On the other hand, if a dose three times 


as large as the one which produced the 65 mgm. uterus was required to 
elicit a 20 mgm. ovary response in a second test rat, the potency of the 
original dose was equivalent to about 2 or 3 mgm. of the standard. 
Preliminary work in this laboratory suggests that the uterine response 
to injections of normal female rat pituitary, human menopause blood, and 
several commercial gonadotropic extracts always occurs at lower doses 
than the ovarian weight response, but that the ratio between the uterine 
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and ovarian units, and the shape of the curves obtained, differ depending 


upon the source of the material. These observations bring to mind the 
excellent work of Hamburger (13) and of Nelson and Overholser (14), 
who found differences in the rat-mouse ratio (ovary weight units used) 
in various gonadotropic preparations. These differences may possibly 
be related to uterine-ovary weight ratios, and may reflect definite differ- 
ences in the relative proportions of FSH and LH. Work is now in progress 
in this laboratory to elucidate some of the factors responsible for these 
variations in the ratio and shape of the curves. 

The mechanism of uterine enlargement obviously involves the ovary. 
The ovary responds to small doses with increased secretory function with- 
out growth, and to larger doses it responds both by increased secretion 
and growth. That this is true is shown by the uterine enlargement 
resulting from a dose § as large as that required to cause increase in ovary 
weight. Hence, the uterine end-point measures the capacity of a given 
gonadotropic substance to stimulate the secretory function of the ovary, 
while the ovary weight end-point measures its ability to cause ovarian 
growth. That the pituitary suspensions used in this experiment acted on 
the uterus through the ovary and not directly was confirmed by admin- 
istering large doses to ovariectomized test rats. No uterine enlargement 
resulted. It is interesting to note that with the first uterine enlargement 
(at the 0.75 mgm. and 1.0 mgm. doses) the mean ovary weights are slightly 
but significantly less than the control average. (See table 1.) Although 
it is too early to come to any definite conclusion regarding this decrease, 
it seems not unlikely that as a result of gonadotropic stimulation the first 
increase in Ovarian secretion is associated with inhibition of ovary growth. 


SUMMARY 


Two hundred and twenty-eight immature female rats were employed in 
the assay of aqueous suspensions made from pooled pituitary glands of 
57 mature female rats, castrated 20 days previously. Fifteen animals on 
each of 14 closely-graded dose levels were injected twice daily for 45 days. 
The degree of uterine enlargement above control size was judged by gross 
inspection. Vaginal, uterine, and ovarian weights were recorded, and 
vaginal opening observed. 

The curves of uterine weight (minus fluid) and vaginal weight reveal a 
close correlation between them. The curves rise rapidly to a maximum 
and very slowly recede, so that only a small portion, at the lowest dose 
levels, is useful for assay purposes. 

The minimal doses producing uterine enlargement and uterine and 
vaginal weight increase were about } to } as large as the minimal dose 
causing vaginal opening, and only } as large as the minimal dose which 
resulted in ovary weight increase. Vaginal opening was the least de- 
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pendable, while uterine weight was considered the most 
gonadotropic end-point. 

Attention is called to the ratio between the uterine and « 
and to the shape of the uterine weight curve, since there is som 
to show that these vary among the different gonadotropic pre} 
depending upon the source. 

ADDENDUM. Since this paper was written, Levin and Tyndal 
published their work in complete form (Endocrinology 21: 619, 1937 
Immature mice were injected once daily for three days with extracts 
post-menopausal and castrate urine, and the weights of the uteri were 
noted. Reealculation of their data, for purposes of comparison, in terms 
of the unit definitions described above, indicates that the ratio of the 
minimal uterine unit to minimal ovarian unit is approximately 3 or 4 to 1, 
as contrasted to our ratio of 8to 1. A further difference is seen in the fact 
that their maximum uterine weight occurs on a dose which produced a 
simultaneous ovarian weight increase of 55 per cent, while in our series, 
the maximum uterine response was produced by doses considerably below 
that producing ovary weight increase. These differences are probably 
due to the difference in gonadotropic material and test animals used, and 
to the fact that their material was subjected to chemical extraction 
The difference in number of injections per day is probably also a factor 
involved. 

A footnote to their paper states that “division of the total dose into 
more injections given at more frequent intervals would probably be 
better in a physiological sense. However, we feel that the additional 
labor involved is not justified by the slightly better responses which might 
result.” 

We tested this assertion on fifty immature rats, using the same material 
and procedures as described above, with the exception that the injection 
period was reduced to three days and with autopsy 72 hours after the first 
injection, thus duplicating the method of Levin and Tyndale. Half of 
the group received one injection of 1 cc. per day, while the other half was 
given two injections of 0.5 ec. each per day. Several dose levels were 
employed. Uterine response in the latter group occurred at lower doses, 
was more uniform, and more pronounced, as is illustrated by the two 
groups receiving 3 mgm. of pituitary suspension. The five rats receiving 
one injection per day showed uterine weights as follows: 26, 30, 60, 20 and 
26 mgm. with an average of 32 mgm., while the uterine weights from the 
ten rats which received the same total doses from the same bottle, but 
which were injected twice a day, were as follows: 93, 101, 70, 96, 71, 119, 
92, 114, 97 and 104 mgm. with average of 89 mgm. Response to smaller 


doses likewise showed the marked superiority of giving two injections per 
day. We feel, therefore, that it is highly worth while to inject gonado- 
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tropic solutions more than once a day, since the resulting improvement is 


far from being slight. 


(1) 
(2) 
(3) 
(4) 


(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 


(13) 
(14) 


(15) 
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In the animal organism, water does not move alone but in the company 
of electrolytes and other solutes. The nature of the dissolved osmotically 
active substances varies widely among different classes of animals and in 
different environments. Indeed, the evolution of animal organisms has 
depended to no small extent upon the ability to maintain osmotic equilib- 
rium (Baldwin, 1937). This concentration of electrolytes and organic 
compounds dissolved in the body fluids is maintained by a variety of 
intricate mechanisms not all of which are yet understood. 

The knowledge regarding the influence of individual ions on the hydra- 
tion of tissues is derived mainly from two sources: studies of the hydration 
of isolated cells and observations of the influence of certain ions on edema. 
Lucke and McCutcheon (1932) noted that the chlorides of calcium and 
magnesium decreased the rate of swelling of sea urchin eggs in hypotonic 
dextrose solution containing electrolytes while the chlorides of sodium, 
potassium, lithium and ammonium caused the eggs to swell. Similar 
observations had earlier been made by Osterhout (1922) and J. Loeb 
(1922-23). In 1923, L. Loeb in summarizing the evidence from experi- 
ments of various types, showed that sodium promotes retention of water 
while potassium and calcium lead to a discharge of edema. The manifold 
directions in which water plays a réle in normal body function have been 
pointed out by Peters (1935). 

In a recent study (Eppright and Smith, 1937), it was shown that pro- 
nounced and characteristic changes in the composition of the ash of muscle 
ean be brought about by the suitable addition of certain salts or combina- 


tions of salts to a basal salt-poor ration. The present report describes the 
associated changes in the water of the tissues and, from calculation of the 


1 The data forming the basis of this paper were taken from a dissertation submitted 
by Ercel S. Eppright in partial fulfillment for the degree of Doctor of Philosophy, 
Yale University, 1936. 

Aided by a grant from the Research Fund of the School of Medicine, Yale Uni- 
versity. 

Some of the data presented in this paper were reported at the 4th Annual Meeting 
of the American Institute of Nutrition, Memphis, April, 1937. 
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extracellular water, suggests an explanation of the observed changes in 
tissue electrolytes under the experimental conditions employed. 

EXPERIMENTAL. Animals and diets. The animals (rats) used for this 
study, the method of feeding, and the composition of the experimental 
rations have been previously described (Eppright and Smith, 1937). The 
general procedure involved the replacement in a low salt diet of some of 
the salts and groups of salts which are contained in the Osborne-Mendel 
(1919) salt mixture, the quantities used being determined by the amounts 
consumed by normal male rats eating ad libitum an adequate synthetic 
ration containing 4 per cent of the salt mixture. The tissues analyzed 
were taken from rats in the following groups: 


Group no Mineral supplements 
I Osborne-Mendel salt mixture 
Il Same minus NaCl and K 
II] Ca +P 
IV NaCl + K 
V NaCl 
VI Low salt 
VII CaCO;? 


Analytical. The tissues of the animals in the various replacement 
groups were dissected as previously described (Eppright and Smith, 
1937), placed in covered tared bottles, weighed, and dried to constant 
weight in a vacuum oven at 60 to 65°, at a pressure of carbon dioxide 


corresponding to 20 millimeters of mercury. In the case of larger amounts 


of tissue, as skin, liver, and muscle, weight was considered constant if on 
successive weighings, the difference was not greater than 0.1 per cent 
Lung, heart, and spleen were considered dry when successive weighings 
differed no more than 1.0 mgm. The loss of weight was caleulated as 
moisture. 

Table 1 shows the average percentage of moisture for each organ for 
each group. The results were treated statistically, and table 2 permits an 
evaluation according to the significant ratio.* 

These data together with those presented by Smith and Smith (1934) 


225.0 mgm. daily. 
‘ This is the difference in the means divided by the probable error of the difference 
— Me 
my 
p.e.d. 
= the mean of one series of values 
= the mean of a second series of values 
p.e.d. = V/p.e.m, + p.e.m2, where p.e.d. is the probable error of the difference 
and p.e.m; and p.e.m2 refer to the probable error of the two means 
respectively. 
If the significance ratio is larger than 3.0, the chances are greater than 20 to 1 that 
the difference of the two means considered is real (Sherman, 1932). 
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for blood permit the calculation of extracellular water 
method of Harrison, Darrow and Yannet (1936 Table 
cent of extracellular water thus caleulated in muscle tissue 


TABLE 1 


Summary of water content of fresh 


GROUP GROUP 
I Il 


Osborne 
Osborne- Mendel 


Mendel mixture Ca 


minus 

NaC] 

and K 

per cent 

Adrenal 10.82 61.06 
Skin 51.45 
Kidney 74.86 


Lung : 77.19 f 7 7 78.41 


¥ 


Liver 7 69.5 70.03 
Muscle 74 5.5 75 .54 
Heart 5 
Spleen 


x 


| 


Number of rats 


TABLE 2 


Significance ratios between water content of tissues 


ADRE- 


SKIN DNEY 
NAL KI KIDNE 


(Osborne-Mendel salt 
mixture minus NaCl 
and Kk) 


VI (Low salt) 
VII (CaCOQ;) 


Significance ratios between water content of tissues: Group IT (Osbor 


mixture minus NaCland K) Referred to group 1 V (NaCl 


Significance ratios between water content of tissues: Group III (Ca 


group V (NaCl) 


—3.0 


DIscUSSION OF RESULTS. Group I (Osborne-Mendel mixture). 
When the complete salt mixture was given, the heart, spleen, and lung con- 


GROUT P jROUF 
Nat 
SH + 
63.01 63.56 65.30 61.16 61.76 
52.36 55.07 56 .67 93.79 91.33 
76.09 77.93 78.60 76.64 6 54 
5.56 
12 10 12 12 13 
Other groups referred to group 
: 
+O0.3 2.2) +0.1 0.28 3.4 3.1 3.7 +0.2 
Ill (Ca + P) +5.6 1.8 +4.9 —0.81 3.0 3.3 5.2 —-4.3 
IV (NaCl + K) +3.1 +2.1) +4.64+2.4 +4.8 4+1.7 +4.6 4+1.5 
V (NaCl) +6.0 +4.7) +3.5 44.5 +3.4 +0.2 +4.2 +3.3 
+16 —2.6) +6.44+1.1 +0.7 +0.8 0.8 +3.2 
-Mendel salt 
2.4 3.9 $.5-—3.2 7.8 1.0 9.) 1.3 
7 7.8 2.3 -—3.4 1.8 3.1 8.2 8.7 
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tained more water than the other tissues examined, all three having ap- 
proximately 77 per cent water and maintaining in the individual rats of 
the group a remarkably constant degree of hydration. Next in order of 
water content were muscle and kidney; the former was uniform in hydra- 
tion while the latter was variable. The adrenal glands were conspicuously 
poor in water and were more variable than other organs and tissues except 
possibly the skin and kidney. A few moisture determinations made on 
other endocrine glands indicate that the adrenal glands are unique in 
these respects; the thymus glands examined contained on the average 77 
per cent water, the thyroids 70 to 72 per cent, and the pituitaries 76 to 79 
per cent. 

Group VI (low salt). Upon withdrawal of salts from the diet, there 
was a general tendency toward hydration of tissues, although in every 


TABLE 3 
Extracellular water in muscle—per cent of fresh tissue 
GROUP I GROUPII GROUP IV GROUP V GROUP VI 


Osb« > 

al salt mixture minus NaCl + K NaCl Low salt 
sait mixture NaCl and K 


a Num Num- Num- Num- 
A* Bt ! berof B berof A berof A B 


f rats 
rats at rats 


13.313.1} 12.5) 11.6 15.1 
12.8 13.6 2} 12.9) 13.5 17.6 
13.4.12.7 14.615.2 
13 .2)12.7 12.4 
13.7 


10.2 13 
10.1 16.1 
10.217.5 
10.6 
10.9 16 


9 
9 
9 
1 
1 


Average 13.2 13.0 12 13.0 15.9 : 10.4 16.: 


* As calculated from chlorides. 
+ As calculated from sodium. 
t Only one animal represented. 


case the hydration was not so pronounced as found by Swanson and Smith 
(1936) who used an experimental period of 90, instead of 60 days, as in the 
present study. The kidney, lung, and spleen were significantly more 
hydrated than the corresponding organs of group I (Osborne-Mendel 
salt mixture). The skin, adrenal glands, and heart contained more water 
in the low salt series but the difference between this and group I was not 
statistically significant. The water content of muscle and liver was not 
appreciably different from that of group I. 

Group V (NaCl). Upon the addition of sodium chloride to the low 
salt diet, the hydration of all the tissues except muscle increased greatly 
in comparison with those of animals given the same amount of sodium 
chloride in the presence of other salts, as in group I (Osborne-Mendel salt 
mixture); the differences were statistically valid in every case. The most 


2 j12.7,18.1 
2 (13.517.5 
2 (13.118.3 
1 {12.0 
1 13.5 
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significant variations in hydration occurred in the adrenal glands 
order were the skin, lung and heart. This retention of water by al! 
except skeletal muscle, following the ingestion of normal amounts of = 
chloride in the absence of other salts, was conspicuous. 

Group IV (NaCl + K). Potassium exerted a modifying influence 
the water retention induced by sodium chloride, diminishing greatly the 
hydration of the adrenal glands and reducing that of the skin and lungs to 
insignificance. It was without effect upon the heart but increased some- 
what the water of the skeletal muscles. As with groups V (NaCl) and 
VI (low salt) the general direction of change was toward excessive hydra- 
tion. 

Group II (Osborne-Mendel salt mixture minus NaCl and K). Inspection 
of tables 1 and 2 shows that the trend of this group as compared with 
group I (Osborne-Mendel salt mixture) was toward dehydration; the 
water contents of heart, muscle, and liver were significantly diminished 

Group III (Ca + P). The water content of the tissues of group III 
followed the general pattern of group II in which the mineral supplement 
was essentially the same except that it was enriched with magnesium and 
the trace elements. The observation that calcium and its related elements 
promote dehydration when unaccompanied by sodium and potassium is 


4} 


thereby confirmed. The liver, muscle, heart and spleen were significantly 


less hydrated than in group I (Csborne-Mendel salt mixture). In fact 
all of the organs except the kidneys, lungs, and adrenal glands were so 
affected. 

The very significant differences in tissue hydration occurring between 
the two calcium supplemented groups (II and II]) and the sodium chloride 
and potassium supplemented groups (IV and V) are shown in table 2. 
The tissues of group II (Osborne-Mendel salt mixture minus NaCl and Kk) 
were significantly less hydrated for the most part than the tissues of 
group IV (NaCl + K); and the tissues of group III (Ca + P), except the 
kidney, were less hydrated than the tissues of the sodium chloride supple- 
mented group V. 

Group VII (CaCO;). From the distribution of water as described in 
groups II and III, and groups IV and \, it is apparent that calcium and 
its related ions are antagonistic to sodium chloride and potassium as re- 
gards retention of water in tissues. Inasmuch as the basal low salt diet 
is, relative to calcium, high in sodium and potassium, it seemed possible 
that a limited amount of calcium (10 mgm.) added to the low salt diet 
might efface the peculiarities in hydration noted in the low salt group. 
Among all the groups, this group did show the fewest significant deviations 
from group I. With the exception of the skin and adrenal glands, this 
restricted amount of calcium (10 mgm.) resulted in tissues of greater hy- 
dration than occurred with more liberal amounts of calcium in the diet as, 
for instance, in group III with 50 mgm. calcium daily and group II with 
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99 mgm. daily. Although the addition of this limited amount of calcium 
did not result in tissues of normal hydration as judged by group I, the 
conception that the normal hydration of tissues is a function of a balance 
of electrolytes, particularly calcium, sodium, and potassium, receives some 
support, inasmuch as the fewest significant differences occurred in this 
group. 

Interrelationships. A gross examination of the data reveals some rela- 
tionships which, although in many cases not marked, are suggestive. The 
proportion of water in spleen and heart varied together in four of six groups, 
when averages were compared with the average hydration of these tissues 
in group I (Osborne-Mendel salt mixture). Potassium added to the so- 
dium chloride supplement diminished the hydration of spleen but not of 
the heart. Muscle and liver usually varied together, but with respect to 
sodium and potassium their relations were reversed; sodium stimulated 
hydration of liver but not of muscles while potassium stimulated hydration 
of muscle and not of liver. This behavior is in accordance with the fact 
that potassium is intimately related to the muscle and the suggestion that 
the liver is concerned in the metabolism of sodium (Klinke, 1931). 

Inspection of the data showed a possible relationship between the hydra- 
tion of the adrenal glands and that of the organs of excretion, namely, 
the kidney, skin, and lungs, particularly when added sodium was not 
balanced by potassium. The coefficient of correlation between the hydra- 
tion of the adrenal glands of all groups and of the kidneys of all groups was 
+0.58 which may be regarded as substantial and marked though not high. 
This observation is of interest In connection with the suggestion that the 
adrenal glands are concerned in water metabolism through a mechanism 
which involves control over the kidneys (Harrop, Soffer, Nicholson, and 
Strauss, 1935). 

Extracellular water in muscle. Harrison et al. (1936) have suggested a 
method for the calculation of extracellular water which depends on the 
total electrolytes in the tissues, their concentration in serum, and the as- 
sumption that the concentration of chloride and, probably, sodium in the 
extracellular fluids is equivalent to their concentration in serum. In the 
present study the extracellular water was thus calculated, using the follow- 
ing values for serum electrolytes* reported by Smith and Smith (1934): 

Cl Na 
Low salt animals 102.8 +1.16 130.5 +0.7 
Calorie controls 102.8 +0.63 131.7 +0.45 


The dietary management of group VI (low salt) and group I (Osborne- 
Mendel salt mixture) in the present study was practically the same as 
that of the corresponding animals used in their study of serum. In view 
of the well-known constancy of the blood, the application of these figures 
to the rats of this study seems justified. Whether or not they are equally 


4 Expressed in milli-equivalents per liter. 
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applicable to groups II, IV and V is less certain; the calculated 1 
presented as suggestive rather than conclusive. 

When the extracellular water is calculated on the basis of ch] 
uniformity in the relation of extracellular water to the fresh we 
muscle is striking throughout the groups. Within a group the 
were seldom greater than 1 or 2 per cent. That the chlorides in 
may have some influence on the amount of extracellular water is shown by 


the fact that the values in group VI (low salt) and group II (Osborne- 


Mendel salt mixture minus NaCl and Kk) were consistently less than in 
group I whereas in groups IV (NaCl + K) and V (NaCl), both of which 
were given chloride supplements, the values were more nearly like those 
of group I. In other words, the chloride-supplemented groups had mor 
extracellular water in muscle than the groups not given chloride adjuvants, 
when the calculations were based on the chloride ion. 

In group I (Osborne-Mendel salt mixture) the extracellular water as 
calculated by sodium, agreed very closely with the water estimated on the 
basis of chloride; i1.e., most of the sodium present in the muscles of this 
group could be accounted for by the sodium in extracellular water as 
determined from chlorides. In the low salt group (VI) this agreement was 
not sustained. It is quite apparent that under these conditions of diet 
there is ‘‘excess sodium” which cannot be accounted for in the extracellular 
fluid as an accompaniment ef chlorides. Cf further interest is the fact 
that the addition of calcium and related elements to the diet (as in group 
I1) eliminates this ‘“texcess of sodium” found in the low salt group whereas 
with sodium chloride or sodium chloride plus potassium (as in groups V 
and IV), the discrepancy remains. 

An “excess of sodium” in muscle above that which ean be accounted for 
in extracellular water was described by Harrison et al. (1936), who found a 
similar excess in dog muscle but in no other tissue except the skeleton. 
The present study suggests that this excess in muscle is related to the 
nutritional state; with an adequate intake of inorganic salts, particularly 
calcium, there is little, if amy, excess sodium. In the muscle tissue of 
monkeys and rabbits, Harrison and co-workers (1936) failed to find the 
“excess sodium” and concluded that it may be characteristic of the dog. 
In this connection a study of the state of nutrition of the animals might 
have been of interest. 

The nature of the ‘excess sodium” presents some questions. The 
uniformity of extracellular water in all the groups as caleulated by chlo- 
rides suggests that if the excess sodium is present in the extracellular fluid 
it exists in an osmotically less effective, perhaps non-ionized form resem- 
bling the skeletal sodium described by Harrison et al. (1936). On the 
other hand, the loss of potassium from the muscle of the groups consuming 
insufficient calcium and, as herein shown, possessing “excess sodium,” 
was consistently large (Eppright and Smith, 1937) and bespeaks a replace- 
ment of the potassium with sodium, in which case the sodium would likely 
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be intracellular. Since calcium is known to influence permeability of 
cells, it seems not improbable that under certain nutritional conditions 
involving extreme lack of calcium, the permeability of the cell is altered. 
The present observation that a deficiency of calcium appears to bring 
about the entrance of sodium into the muscles cells (as judged by calcula- 
tions of extracellular water on the basis of sodium) is in harmony with 
the previous finding (Eppright and Smith, 1937) that replacement of cal- 
cium in the diet of the low salt rate is effective in bringing about a normal 
K/Na ratio in the muscle. 


SUMMARY 


The electrolyte balance of the diet influences the hydration of the tissues. 

When sodium chloride constitutes the only mineral supplement to the 
salt-poor basal diet, the tissues, except skeletal muscles, are more hydrated 
than normal. Potassium exerts a slightly modifying effect. 

When the mineral supplement consists mainly of calcium, the general 
tendency is toward dehydration; liver, muscle, heart, and possibly the 
spleen, are less hydrated than normal. 

The volumes of extracellular water as determined by chloride and by 
sodium are in close agreement when the diet is adequate in all respects. 
It appears that, in the absence of calcium and phosphorus, muscle tissue 
contains more sodium than can be accounted for by that in the extracel- 
lular water as calculated from the chloride. 

The normal distribution of water in the organism depends to a consider- 
able extent upon the balance of the calcium with its related elements and 
the alkali metals sodium and potassium. The present study emphasizes 
the importance of the mineral constituents of the diet in controlling the 
water of the tissues. 
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ROENTGENOLOGIC OBSERVATIONS OF THE SPLEEN OF THE 
DOG UNDER ETHER, SODIUM AMYTAL, PENTOBARBITAL 
SODIUM AND PENTOTHAL SODIUM ANESTHESIA 
ERICH HAUSNER, HIRAM E. ESSEX anp FRANK C. MAN? 

From the Division of Experimental Medicine, 
Rochester, Minnesota 
teceived for publication August 23, 1937 
Markedly large spleens frequently have been observed at laparotomy 
performed on dogs and on cats anesthetized with sodium amytal or with 
pentobarbital sodium. It has been noted also that the number of cir- 
culating erythrocytes is reduced during anesthesia with these drugs 
(Bourne, Bruger and Dreyer; Cook and Rose; Adolph and Gerbasi 
Searles and Essex have presented evidence that the spleen is chiefly re- 
sponsible for the reduction in the number of erythrocytes in the peripheral 
blood of the dog anesthetized with sodium amytal. Essex, Seeley, Hig- 
gins and Mann have confirmed this finding. Higgins and Corwin did not 
find the number of erythrocytes of the rat and the rabbit significantly al- 
tered by anesthesia with sodium amytal as compared with results on ani- 
mals anesthetized with ether. 
Changes in the splenic volume could be inferred from the data obtained 
in previous investigations but to find a more direct method of following 
changes in the size of the spleen was indicated. Consequently it seemed 


desirable to determine, by roentgenographic means, alterations in splenic 
size produced by the anesthetics used routinely in this laboratory. The 
state of contraction or dilatation of the spleen thus could be correlated with 
the data on the number of erythrocytes and the amount of hemoglobin 
in the peripheral circulation. 


Metuops. An attempt was made to visualize the spleen roentgeno- 
logically following intravenous injections of thorotrast made according to 
the method of Oka and of Radt. The results were not sufficiently satis- 
factory to justify further use of this procedure. The work of Steggerda 
and Gianturco on visualization of various organs by subepithelial injections 
of thorotrast suggested the possibility of rendering the spleen opaque to 
roentgen rays by injections of this substance beneath the splenic capsule 
As with the technic of Oka and of Radt the shadows were not intense 
enough for our purpose. Therefore the well known method of Bareroft 
and Harris was used. The spleen was effectively outlined by small, per- 
forated, disk-shaped pellets of lead which were sewed 2 or 3 em. apart 
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along the periphery of the organ under anesthesia and with sterile technic. 
Three weeks later observations on the effects of the anesthetics were begun. 

food was withheld from the animals for about eighteen hours previous 
to the experiment. Control roentgenograms were taken after the dog had 
been allowed to rest quietly on the table for twenty to thirty minutes. 
With minimal change in the position of the animal the anesthetic was given 
and successive roentgenographic films were exposed at intervals thereafter. 
When it was necessary, as in experiments with ether, to remove the animal 
from the table) care was taken to return the animal as nearly as possible to 
its original position. 

The dose of sodium amytal was 50 mgm. while the dose of pentobarbital 
sodium was 25 mgm. for each kilogram of body weight. The dose of pento- 
thal sodium (sodium ethyl 1l-methyl butyl thiobarbituric acid) was variable 
but usually 30 mgm. for each kilogram of body weight was enough to 
produce a short period of surgical anesthesia. Each of the three drugs 
Was given intravenously. Determinations of hemoglobin were made with 
the Sheard-Sanford hemoglobinometer and standard methods were used 
in making the erythrocyte counts. The blood was taken from the ce- 
phalie, saphenous or jugular vein in the first series of experiments but later 
it was taken from a puncture in the margin of the ear. 

Resutts. Ether anesthesia causes a marked constriction of the spleen 
of the dog. This was evident when the control roentgenograms of the 


quietly resting, unanesthetized animal, were compared with the roentgeno- 
grams of the anesthetized animal. The maximal increase in hemoglobin 
was 2.4 grams per cent and the greatest increase in the number of pe- 


ripheral erythrocytes was 1,800,000 cells per cubic millimeter of blood. The 
increased number of erythrocytes and the increased percentage of hemo- 
globin occurred during the time when the spleen was in a constricted state. 

In twelve experiments with sodium amytal the spleen was maximally 
dilated within thirty minutes following induction of anesthesia (fig. la 
and b). The reduction in the percentage of hemoglobin of the peripheral 
blood ranged from 1 to 5 grams per cent. The usual decrease was about 
2 grams. The maximal decrease in number of peripheral erythrocytes 
was 2,500,000. Within twenty-four hours, the spleen usually had returned 
to the size seen under control conditions. 

The results of six experiments with pentobarbital sodium were com- 
parable to those with sodium amytal. Maximal dilatation of the spleen 
usually had occurred twenty to thirty minutes after the anesthetic had 
been injected. The maximal decrease obtained in the values for hemo- 
globin was 4 grams per cent. The greatest reduction in the number of 
peripheral erthrocytes was 2,000,000 below the control value. In some 
instances six hours and thirty minutes following injection of the anes- 
thetic, the spleen had returned to the size evident in the control roentgeno- 
grams. 


X-RAY STUDY OF DOG SPLEEN UNDEI 


A small series of experiments was done wi 
drug causes enlargement of the spleen and 
erythrocytes and in the concentration of h 
blood Comparable to what has been described ton 
barbital sodium. Since pentothal sodium is 
the effects are of shorter duration. In oa typi 


Wiis maximally dilated twenty minutes alter the anesthetic had been g 


The erythrocyte count decreased from a control count of 5,440,000 
$755,000 while the concentration of 

value of 13 grams per cent to TL grams per cent 

hours after Induction of anesthesia the spleen 


evident in the control roentgenceram In one « Xperiment, | 


Fig. 1. Roentgenograms of spleen of dog: a, taken while 
| 


table; 6, maximal dilation of spleen during anesthesia with sodiu 


after Injection of the drug, the splee n Was smatler than it had been mm the 
control observation but it dilated again and approximated the size of the 
spleen under control conditions, one hour after the anesthetic had been 
given, 

In all of the experiments with the barbiturates the marked dilatation of 
the spleen was associated with a decided reduction in the number of cir- 
culating erythrocytes. 

Discussion. The spleen is known to decrease greatly in volume in 
response to a variety of stimuli, exercise, inhalation of carbon dioxide, 
anoxemia, ether anesthesia, excitement, stimulation of the splanchnic 
nerves, drugs such as epinephrine and histamine, and toxins such as rattle 
snake and honey bee venoms, cause reduction in splenic volume An in 


crease In the volume of the spleen is known to follow periods of rest and 
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quiet. Passive initial enlargement may accompany an increase in blood 
pressure. The changes in the splenic size under ether anesthesia, and unde1 
narcosis by the use of the barbiturates, cannot be satisfactorily explained by 
the alterations in the blood pressure caused by these anesthetics. The bar- 
biturates cause initially a fall in blood pressure but dilatation of the spleen 
The opposite is true in the case of ether. The evidence is conclusive that 
anesthetics such as amytal and pentobarbital sodium cause dilatation of the 
spleen and during the process large numbers of erythrocytes are removed 
from circulation. These anesthetics appear to be specifie in the produc- 
tion of this phenomenon. Splenic enlargement does not appear to be 
mediated through the nervous system since it occurs after denervation of 
the organ (Searles and Essex). It must be pointed out, however, that 
complete denervation of the spleen is difficult of accomplishment. 

We have no explanation of the mechanism involved in enlargement. of 
the spleen. Anesthesia with the barbiturates, and hibernation, have simi- 
lar effects on the size of the spleens of certain animals. It is known 
through the work of Mann and Drips that the spleens of hibernating ani- 
mals are enlarged beyond what is seen in the nonhibernating animal of 
the same species. In both conditions respiration is depressed and metab- 
olism is reduced. Some such mechanism as that which operates in the 
hibernating animal may be responsible for the enlarged spleens seen in 
certain animals under anesthesia with the barbiturates. 

Other organs, such as the liver, may respond in a similar manner to anes- 
thesia with the barbiturates but it is probable that no other organ is 
affected to such a profound degree as the spleen. 


SUMMARY AND CONCLUSIONS 


After outlining the spleen with pellets of lead by the method of Barcroft 
and Harris, a series of observations by means of roentgenograms was made 
on the size of the spleen of the dog before and during anesthesia with 
ether, sodium amytal, pentobarbital sodium, and pentothal sodium. Data 
were obtained at the same time on the percentage of hemoglobin and the 
number of erythrocytes in the peripheral blood. 

Kther produces a profound reduction in the size of the spleen which is 
accompanied by marked increase in the concentration of hemoglobin and 
in the number of erythrocytes of the peripheral blood. Anesthesia with 
sodium amytal, pentobarbital sodium or pentothal sodium causes the 
opposite effect. Each of these three drugs causes marked enlargement of 
the spleen and decided reduction in the concentration of hemoglobin and 
number of erythrocytes of the peripheral blood. During the period of 


maximal dilatation of the spleen a minimal number of erythrocytes appear 


in the peripheral blood. The barbiturates seem to be specifie in producing 
enlargement of the spleen. 


X-RAY STUD) 
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THRE EFFECTS OF UNILATERAL AND BILATERAL LABYRINTH- 
RKCTOMY IN MONKEY, BABOON AND CHIMPANZEE 


ROBERT 8S. DOW? 
i Physiology, Yale University School of 
Received for publication August 7, 1037 


Section of the eighth nerve in monkeys Was first report dl hy Ferrier and 
Turner in IS98. They sectioned the nerve distal to the accessory auditory 
“ganglion” in two monkeys and proximal to this nucleus in two other 
monkeys. Following the operation they observed rolling movements 
toward the operated side and a rotation of the head with the chin pointing 
to the normal side. Beyer and Lewandowsky (1906), Magnus (1922 
and, most recently, Northington and Barrera (1934) have deseribed the 
effects of labvrinthectomy in Macaca mulatta (rhesus monkey . The last 
authors studied unilateral and simultaneous bilateral labyrinthectomy: 
and have shown that labyrinthectomy and section of the eighth nerve 


are followed by identical syndromes. 


Dandy (1928), Cairns and Brain (1933), Coleman and Lyerly (1933), 


MelWkenzie (1936) and others have described the effects of section of the 
acoustic nerve or its vestibular portion inman. “Phe existence of abnormal 
vestibular function preoperatively in these cases of Meniére’s disease must 
be emphasized. 

It is well known that the severity of the disorder resulting from such a 
lesion diminishes as one ascends the phylogenetic scale. Labyrinthectomy 
in the baboon and chimpanzee commands attention because the difference 
between the effects of labyrinthectomy, or acoustic nerve section in man, 


and in the lower primates, is so striking. 


MATERIALS AND METHODS. Ten Macaca mulatta (rhesus monkeys), one Cerco- 
pithe us aethiops pyuger jthrus (green monkey ), one Papio papio (baboon), and one 
Pan satyrus (chimpanzee) have been used in this study Four of the animals had 
been subjected to previous operations involving extirpation of parts of the cerebellar 
cortex In only one of these, an experiment in which the entire anterior lobe of the 
cerebellum had been removed, was there any detectable difference from those animals 
in which the labyrintheectomy was a primary procedure. This animal was not in- 
cluded in the following report In one monkey the eighth nerve was sectioned 


intracranially 


1 This work was aided by a grant from the Research Funds of the Yale University 
School of Medicine and a grant from the National Research Couneil 
2? National Research Council Fellow. 
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The operations 
facial nerve was cut 
The nerves entering it 
medial wall of the vestibule 
seen to be free in the intert 


were necessary during this par 


tially infected wound was flood 


than twenty labvrinthectomie 
vanced pulmonary disease 
or ether was used for anestl 
Examination of the animal 
and rotatory tests for nystagmus In mo 
ming and while on a horizontal and \ 
Moving pictures were taken in son 
were removed and examined histologically 
in one instance. In every case examined histologically 


bule was complete and the site of extirpation was filled 


Unilateral labyrinthectomy. In the Macaca 
lateral labyrinthectomy was followed by disorders of posture and 
ment essentially as described by previous Investigators. During the 
recovery Irom the anesthetic there was a conjugate deviation of the ey 
to the side of the operation, and the animal usually lay on that sic 
the effect of the anesthetic diminished, a deviation of the head toward t 
operated side appeared together with a rotation with the occiput to the 
same side and the chin pointing toward the opposite shoulder. “This 
soon followed by a continuous horizontal nystagmus, with the quick Com 
ponent toward the normal side, which persisted for about 24 hours, at 


following this one occasionally saw a few nystagmoid jerks for a vari- 


able period, never more than two days. Nystagmus was increased by 
excitement and by the monkey’s moving its eves toward the nornmial sice 


specially during the later stages of the nystagmus period, the nystagmot 


movements were at times rotatory as well as horizontal In several 


instances a slight skew deviation of the eyes was observed by one examine! 
This was never seen after the first 24 hours postoperative ly 

As soon as the animal was able to sit up or to stand, in addition to the 
abnormal head posture, and probably secondary to it) (Magnus, 1924 


the extremities on the operated side were flexed and adducted, and on the 


normal side extended and abducted. First attempts at walking and run- 


ning were characterized by falling, deviation and circling toward the 


operated side. Spiralling about the longitudinal axis of the body in 


jumping, swimming and climbing a vertical bar was consistently present 
This was always in the same direction as the head rotation, that is, the 
back rotated toward the side of the labyrinth Ctomy All these “Vinptom 


Dr. Morris Bender who studied the effects of section of the facial nerve 


idit eatus \ 
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were accentuated and detectable longer postoperatively if the examination 
was made with the animal blindfolded. The ability to walk a narrow 
horizontal bar usually returned after two weeks. Spiralling on the vertical 
bar and in the water and deviation toward the side of the lesion persisted 
longer. The rotation of the head was apparently permanent although the 
degree of rotation was variable. Repeated rolling movements, as seen in 
lower animals, did not occur. 

As others have pointed out, these animals show less abnormality both 
of posture and movement when seen clinging to their cages or when climb- 
ing about than when standing, walking or running on the floor. “They will 
rarely walk ona flat surface if the cage wall or some other object is available 
to which they may cling. Although all monkeys have this tendency to 


some extent, It is more obvious in an animal with a disorder of equilibra- 


B 


Fig. 1, A. A green monkey (P.V. no. 32), 43 days after destruction of the left 
labyrinth. Note the rotation of the head with the occiput to the left 
B. The same animal (P.V. no. 32) one day after destruction of the right labyrinth 


Note symmetrical position of the head 


tion. Even when quite wild they will allow themselves to be captured 
clinging to some object rather than abandon such a secure position by 
leaping a short distance or running over the floor. 

Although abnormal postures, as described, are due to differences in 
musele tone, these differences were not demonstrable by palpation of 
the muscles, or by comparing the resistance to passive manipulation of 
the extremities on the two sides. 

Righting reactions were present and occurred in either direction when the 
animal was on the floor. Soon after the operation there was generally a 
delay in righting when the operated side was down. Caloric tests on the 
side of the lesion uniformly failed to produce any nystagmus. Rotation 
tests were not done following unilateral labyrinthectomy. In all cases an 
ipsilateral facial paralysis was present. 

Although there was considerable variation in the severity of the symp- 
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toms from animal to animal within the rhesus gro 
baboon and chimpanzee was so much less that it 
The green monkey (fig. 1A) in some respects seemed 1 
but in it the differences were slight. In the bab 
deviation, the nystagmus and the degree of the 
were not essentially different The other sympt 
parently less severe, and disabling, and disappea 
animal was never observed to fall, although it 
ments for four or five weeks after the operatiol 
operative day and thereafter it no longer exhibited any 


or circle in walking or running and it no longer clu 


Fig. 2A Fig. 2B Fig. 3 

Fig. 2, A. A baboon (P.V. no. 25) 22 days after destruction of the right |: 
Note the rotation of the head with the occiput to the right 

B. The same animal (P.V. no. 25) 11 days after destruction of tt 
Note svmmetrical position of the head 

Fig. 3. Macaca mulatta (P.V. no. 3) 35 days after the second 
exhibiting delayed righting of the head. If the animal is frightened or attrac 
some visual stimulus it would usually place the head in a normal positior 


for support. The rhesus monkeys clung to surrounding objects and de- 


viated in running for approximately three weeks postoperatively 

The effects of labyrinthectomy in the chimpanzee were studied in one 
female who had advanced pulmonary tuberculosis and unfortunately died 
of meningitis after the second labyrinthectomy. It could not be handled 
and observations were restricted to what could be seen during its cage ac- 
tivity, and while it ran about a large room and down a long narrow corridor 

The animal lay on the operated side during recovery from the anesthetic 
and, if disturbed, would return again to the former position. Deviation 
of the eyes toward the operated side was seen during this period. Nystag- 
mus was transitory and seen only when the animal looked toward the 
normal side. When present it was horizontal in direction with the quick 
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component toward the normal side. No nystagmus was observed after 
the first 24 hours. The rotation of the head was, as in the other animals, 
with the occiput to the side of the lesion and the chin pointing toward the 
opposite shoulder. It was slight and was accompanied by a slight flexion 
of the neck to the operated side. This rotation persisted for about six 
weeks and intermittently thereafter. The animal was seen to fall three 
times during the first day after the operation but not in any particular 
direction and never as a “foreed’” movement such as occurred in. the 
monkeys. It showed no spiralling or circling when walking. After the 
second postoperative day no tendency to cling to its cage or to surrounding 
objects was observed. — It showed a tendency, which was well corrected, to 
deviate toward the side of the lesion when running down a long corridor 
This was not present after the third postoperative day Krom this time 
on, aside from the slight abnormal posture of the head, the only abnor- 
mality was a tendency to run obliquely with the hind part of the body 
deviated toward the operated side. Although chimpanzees often) run 
with the posterior extremities tracking to one or the other side of the ante- 
rior extremities, they never do so consistently in one direction. — Even this 
slight abnormality had disappeared by the end of the two month period 
of study. 

Postoperative symptoms following section of the acoustic nerve in 
Meniére’s disease have been described by Cairns and Brain (1933), Cole- 
man and Lyerly (1983), and most recently, MeIhkenzie (1936). In all the 
cases described, the effeets of such operations were mild and transitory 
There was some indication that the severity of postoperative sViInptoms 
Was greater in those cases in which caloric and auditory tests showed mor 
nearly normal function preoperatively (Cairns and Brain, 1933). In 
Cases no postoperative symptoms were noted. There was usually hori- 
zontal nystagmus with the quick component toward the contralateral side, 
a fleeting type of diplopia and occasionally skew deviation (Cairns and 
Brain, 1933). These symptoms were never marked and were usually 
present tor two to five days. During the first two or three days the 
patient might stagger and deviate toward the side of the operation. This 
tendency was noted in the dark and with the eyes shut, in one case as long 
as three months postoperatively. In some cases the patients complained 
of subjective feelings of unsteadiness although no abnormality was ap- 
parent to the examiner (Mehkenzie, 1936). 

Bilateral labyrinthectomy. Tn seven monkeys, 6 macaques and 1 green 
monkey, the second labyrinth was destroved after a variable interval of 
from 4 hours to 57 days following the first labyrintheetomy. In one 
monkey both labyrinths were destroyed simultaneously. 

Except in the animal in which the interval was. but 4 hours, all the 
monkeys exhibited a horizontal nystagmus after the second labyrinth- 
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ectomy. This was associated with a conjugate di 
the side of the second operation The quick component 


opposite side and the nystagmus was increased when the 
its eves in the direction of the quick component Ther 
temporary rotation and deviation of the head to the side 


operation. This had, in most cases, disappe ared within 6 


operatively although the nystagmus persisted for approxin 24 
After 24 hours, except for a tendency to spiral toward the side ol 
operation when placed Ina tank of water, no consistent asy 
posture or movement were seen 

The animals were able to walk soon after recovery from. the 
\t first they used a sprawling, abducted gait which gradual! 
over a period of several weeks Progre SSIVe Movements were 
ordinated and in some instances there was a tendency to walk | 
particularly when blindfolded. “Phe animals clung tenaciously to the cag 
wall. All the defects of posture or movement were accentuated 
animals were observed on a flat surface rather than in the cage Atte 


to leap from the cage wall to the floor were seen in only two inst 
These resulted in severe falls due to a failure of reflex extension of the 
to the vertical movement downward. The animals were unable to 
upon a narrow horizontal bar either blindfolded or unblindfolded during 
the 5 week period of observations 

During the first 3 or 4 weeks postoperative ly a marked head tremor 
noted. This was in every plane, from side to side, in an anterior posterio! 
direction, and especially rotatory. There was a definite hivpotor in, 
estimated by resistance to passive manipulation and palpation, in the 
muscles of the neck and shoulder girdle. Oecasionally the head was seer 
in bizarre positions. These, as noted by Northington and Barrera (1934 
were more Conspicuous when the labyrintheetonat were pertormed 
multanecously, 

The importance of vision in the compensation following Iabyrinthectomiy 
in higher animals has been emphasized by many previous workers. — th 
the monkeys studied here every animal when blindfolded following the 
second labyrinthectomy, struggled almost constantly to remove the blind 
fold. This was a behavior not seen regularly in normal monkeys and 
rarely in animals with as severe disequilibration following a cerebellar 
operation. Although there was a definite delay in the righting movements 
of the head when the animal was held by the pelvis in a lateral position 
(fig. 3) head righting was at times seen when the animal was unblindfolded 
When blindfolded head righting under these conditions did not occu 
Their ability to stay above water was also influenced by vision. A norma! 
monkey, whether blindfolded or unblindfolded, swam without difficulty 


with the trunk parallel to the surface of the water and the head well out 
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of water. A monkey without labyrinths, if unblindfolded could usually 
get out of a shallow tank and could swim after a fashion so long as it was 
not submerged. Once under water, or if put in the water blindfolded, it 
Was completely disoriented and would have drowned if not removed. 

All vestibular reflexes tested were absent. These included movements 
of the extremities following vertical movements of the trunk and head. 
This was studied particularly by allowing the blindfolded animals to slide 
down an inclined plane in a lateral position. Normal animals when tested 
thus, showed an extension of the extremities which perfectly balanced 
the momentum of the body. Animals without labyrinths, lacking such 
extension when blindfolded, fell away from the inclined plane and at times 
rolled completely over as an inert mass. In every Case post-rotatory 
hystagmus Was absent During rotation, if the animal was turned slow ly, 
a Visual nystagmus Was seen, provided the animal looked at some object 
not on the rotating table. Hot and cold water injected into the external 
auditory meati failed in every instance to Induce any ocular deviation or 
subsequent nystagmus. 

Although in every instance all the vestibular reflexes were lost. per- 
manently, there was considerable improvement in the gait and other early 
symptoms. After about four weeks these reached a steady level where 
improvement Was so slow that it Was almost imperceptible between exam- 
ination periods several days apart. In the experiment where both laby- 
rinths were destroyed at one operation all the symptoms of the disorder, 
as described above, were more severe and more persistent. In this instance 
no nystagmus and no consistent asymmetry of posture or movement were 
detected. However, as stated above, the tendency for the animal to 
assume bizarre head postures Was greater. Recovery in this monkey was 
definitely slower, requiring approximately two months to reach the same 
stage of recovery seen in the other animals of the same species 4 weeks 
after the second operation. 

In the baboon the disability resulting from the second labyrinthectomy 
was much less severe than in the rhesus monkeys. There was a sprawling 
gait only on the day of the operation, and no hypotonia. Head tremor, 
which had been present when at rest and with every movement in the 
macaque, Was seen for a few days and then only when the baboon was 
excited or attempted to turn quickly. The animal was never observed to 
fall and its movements of progression were better codrdinated in every 
stage of postoperative recovery than in the macaque. All reflexes which 
depended on purely vestibular funetion were absent. For example, head 
righting did not occur when the baboon was blindfolded and held by the 
pelvis in the lateral position; there was no extension to vertical movements 
downward when blindfolded; there was no post-rotatory or caloric nystag- 
mus; and the animal was completely unable to swim both blindfolded and 
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unblindfolded. It would appear then that in this 
other than vestibular are dominant. Fulton and Weller (1933 
that, in a comparative study of the sign of Babinski, the 
more cortical dominance than does the macaque 
Observations on the chimpanzee were marred by the onset 
after the second labyrinthectomy. However, our obser 
species confirm those after unilateral labyrinthectomy 
neurological disorder resulting from labyrinthine destructios 
less in the anthropoids than in the monkeys The effects 
labyrinthectomy or eighth nerve section in man have not, 


edge, been reported 
CONCLUSIONS 


The effects of unilateral and bilateral labyrinthectomy in thi 
monkey, Macaca mulatta, were similar to those deseribed by 
workers. “The effects of labyrinthectomy In the chimpanzee more 


resembled those in man than those in the monkeys The baboot 


found to have an intermediate position between the chimpanzee 


macaque in respect to this neurological disorder 


The Author wishes to express his gratitude to Dr. John F. Fulton, 


whose laboratory this work was done, for his assistance in the work 
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Ina series of three papers Adrian and Matthews (1927, 1928) presented 
a study of the discharge of impulses in the optic nerve of the eel’s eye, 
and so opened a new approach to problems of visual physiology. In 
those papers the simultaneous activity of large numbers of optic nerve 
fibers was recorded. The possibility of extending that work to an analysis 
of the activity in single optic nerve fibers was suggested by the subsequent 
investigation of Hartline and Graham (1932) on the optic nerve fibers 
of a primitive arthropod eye (Limulus). The present paper describes 
the discharge of impulses in single optie nerve fibers of the cold-blooded 
vertebrate eye, in response to illumination of the retina 

Meruop. The usual methods for obtaining action potentials from 
only one fiber in a nerve trunk have not succeeded when applied to the 
vertebrate optic nerve. It is therefore necessary to utilize the intra-ocular 
portion of the optic nerve fibers, by exposing the fundus of the eye and 
dissecting small bundles of fibers from the anterior (vitreous) surface of 
the retina, where they converge to the head of the optic nerve 

From a freshly pithed animal (in most of these experiments large bull- 
frogs (Rana catesbiana) were used) an eye is excised, pinned fundus down 
in a moist chamber, and its anterior half (cornea, lens, choroid body) re- 
moved. A wide V-shaped cut extending almost to the nerve head gives 
access to the fundus and permits the vitreous humor to be drained away. 
It is then possible to dissect free small bundles of nerve fibers for a length 
of 1 to 2. mm., and these may be further dissected until only one fiber 
remains active. A bundle is severed where it enters the nerve head and 
the cut end lifted up onto one of the electrode wicks; the second electrode 
is diffuse, touching the surface of the retina. The action potentials from 
such bundles of nerve fibers are amplified and recorded by means OF an 
oscillograph. The preparation is mounted in a light-tight, electrically 
shielded box, in the hollow walls of which water at constant temperature 
(ca. 20°C.) is circulated. 
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Prepared in this manner the retinas of most 
eyes survive for 4-8 hours, as evidenced both by the 
action potentials which can be obtained from the Chat } 
and Hampson, 1923) and by the normal responses 
activity in nerve fiber bundles freshly dissected. fre the 
bundles themselves, after having been lifted away frot 
remain conducting for more than an hour or two, and usually 
action potentials in a much shorter time Attempts to obt 
are successful in only a very small percentage of trials 

Light from a concentrated tungsten filament lamp is focuss¢ 
densing lens 12 mm. in diameter upon an objective lens, whic! 
an image (4 size) of the illuminated condensing lens upon the retina \ 
15° prism close to the objective lens reflects the light downward ont 
retina; it can be rotated so as to project the rays at approximately norn 
incidence onto that portion of the retina from which the nerve fiber- 
any particular bundle come. At the condensing lens can be placed 
suitable diaphragm to limit the size and shape of the illuminated are 
this diaphragm is carried on crossed micrometers controlling its position 
to within 0.01 mim., and its image is accurately focussed on the retina by 
micrometer movements carrying the preparation itself The intensity of 
illumination upon the retina can be reduced by known amounts with 
Wratten Neutral Tint filters; the full intensity (no filters in the beam 
ix 2-10* meter candles 

Resuurs. The discharge of impulses in any moderately large bunadl 
of intraocular optic nerve fibers of the vertebrate eye Is similar to that 
previously deseribed for the whole optic nerve Beginning several hun- 
dredths of a second after the light is turned on, there is a strong, brief 
outburst of impulses.  Impulses continue to be discharged at a low rate 
as long as light continues to shine, and when it is turned off there is a 
renewed vigorous outburst which subsides gradually. Such responses 
were initially described by Adrian and Matthews (1927) in the eels optic 
nerve and subsequently recorded by Granit (1933) from the mammalian 
optic nerve. It is not until the bundles have been dissected down until 
only one, or at most only a few, fibers remain active that a new and striking 
property of the vertebrate optic response is revealed. For such experi 
ments show conclusively that not all of the optic nerve fibers give the 
same kind of response to light. This diversity of response among fibers 
from closely adjacent regions of the same retina is extreme and unmis- 
takable; it does not depend upon local conditions of stimulation or adapta- 
tion, but appears to be an inherent property of the individual ganglion 
cells themselves. 

Types of response. In figure 1 are records of the action potentials in 
single optic nerve fibers of the frog’s retina Figure 1A shows a response 


402 H. K. HARTLINE 


in Which the initial burst of impulses, at high frequency, is followed by a 
steady discharge at much lower frequency which lasts throughout the 
duration of illumination. When the light is turned off this discharge 
stops. Such a response is similar to that from a simple photoreceptor, 
observed in Limulus optic nerve fibers, even to the short pause following 
the initial burst. But while Limulus optic nerve fibers invariably show 
this type of response, in the frog’s retina it is obtained in less than 20 per 
cent of the fibers. The other fibers show strikingly different types of 
response \t least 50 per cent respond (fig. 1B) with a short burst) ot 
impulses at high frequency when the light is turned on, but show no im- 


Fig. 1. Oseillographic records of the action potentials in three single intraocular 
optic nerve fibers of the frog’s eve, showing three characteristic response types 

A. Response to illumination of the retina consisting of an initial burst of impulses, 
followed by a maintained discharge lasting throughout illumination There is no 
response to cessation of illumination in this fiber (the off response in this record is 
partly due to retinal potential, partly to another fiber w hich discharged several small 
impulses). See also figure 6 

B. Response only to onset and cessation of light See also figure 2, figure 5A 
and 

C. Response only to cessation of illumination. See also figure 5B, D and i 

In this and subsequent records, the time is marked in ‘second, and the signal mark- 
ing the period of illumination fills the white line immediately above the time marker 


pulses as long as it continues to shine steadily; when the light is turned 
off there is another brief outburst of impulses. Such responses constitute 
the most prominent feature of the vertebrate optic response bursts of 
impulses occurring only when the conditions of illumination on the retina 
are changed abruptly. In a third type of response, occurring in about 
30 per cent of the fibers, no impulses appear at all during illumination, 
but there is a vigorous discharge of impulses when the light is turned off 
(fig. 1C). This discharge may last many seconds, and usually subsides 
gradually. It is undoubtedly responsible for most of the “off” response 
obtained from the whole optic nerve. 

Most of the optic nerve fibers in the vertebrate eye give responses similar 
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to one or another of the above described types 

ever, are not absolutely rigid, and it 

occasional fiber whose response is intermediat 

not mfreque ntly found that a fiber whose respons 

a maintained level of discharge of a low 

tends to adapt out after several seconds 

found in which a fiber giving an initial 

discharge has shown an “off response: thi 

heen re corded could have heen clue tou secon 

IA (see fig. 6A for a clear-cut case, whe 

ing an “off” effect Fibers have been 

lacks the initial burst; in these rare cases the disc] 

in 2-3 sec.) to a steady level of ca. 20 to 30 per ser 
turned off these fibers do show an “off” effect 

queney tor several tenths of a second before the dis 

is true that fibers which respond predominantly to : 

with “on” and “off” bursts may occasionally show 

tered impulses or bursts of two or three impulses every few 
steady illumination. This, however, is quite different 
discharge of figure 1A, and may be regarded as an atypica 
variety of response. Furthermore, fibers showing precdomunantis 
response are occasionally found in which a few scattered 
during prolonged illumination. 

From these observations it follows that the responses Of the entire Opti 
nerve are complex, containing different contributions from different fibers 
An analysis of the optic response must therefore take up the properties 
of the different types of single fiber response separately 

Effect of intensity. Chief among the factors governing the response it 
any single fiber is the intensity of illumination with which the retina is 
stimulated. In figure 2 is shown a series of records of the responses to 
lights of different intensity of a single fiber of the ‘on-off response type 
With higher intensities of light the responses show shorter latent periods, 
higher maximum frequencies of discharge and greater numbers of impulses 
in both the ‘ton’ and the “off” bursts. This holds from threshold to 
intensities 4-5 logarithmic units above it. In figure 3 are plotted, on the 
left, the reciprocals of the latent periods and, on the right, the Trequencies 
of the discharges (measured from the first six impulses) for both the ‘on™ 
and the “off” bursts in this same fiber. In this fiber the threshold in- 
tensity was the same for both the ‘ton’ and the “off” bursts; frequently, 
however, one or the other of the bursts may have a somewhat lower thres- 
hold (usually within one logarithmie unit). It is to be noted that the 
curves rise abruptly from threshold — frequently the weakest response 


obtainable has a fairly large number of impulses, at a fairly high frequency 
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While the threshold is sharp, it is not always reliable, and may fluctuate 
in spite of carefully controlled conditions 

The experiment of figure 2 and figure 3 shows the very considerabl 
range over Which intensity is effective in speeding up the discharge. This 


might be expected in view of the wide range which is covered by singh 


-63 


-3 


Fig. 2. Effect of intensity of retinal ilumination upon the discharge of impulses 


in a single optic nerve fiber of the frog’s eve. Logarithm of the intensity indicated 


on each record (unit intensity 2-104 meter candles, in this and subsequent figures 
Diameter of the spot of light = 0.10 mm. Portions of the records, representing 2 to 3 
seconds In each case, have been removed. They contained no impulses, except for 


the 6 reeord, which showed four impulses scattered over 2.5 seconds 


visual sense cells in the Limulus eve (Hartline and Graham, 1932 This 
experiment also shows the characteristic effect of very high intensity in 
reducing the number of impulses and often the frequency of discharge in 
the bursts. This is especially pronounced for the “off” burst, which may 
be entirely missing at the highest intensities available 

Similar effects of intensity can be shown for the other types of response 
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optic nerve fiber 
he ordinates give reeipros 
burst, dots for ‘‘off’’ burst no right 
for the first six impulses of the bursts; ei 
“off” burst Abseissae, in both graphs, giv 
Ing Intensity When no response appe 


than 6 impulses are discharged, | 


‘he relation between the logarithm: of 
(abscissae) and frequency of response (ordinates 
frog’s eve This fiber gave a response consisting o 
discharge which was maintained throughout 1 
respectively, initial and maximum frequencies 
crosses give the frequency attained after four sec 
Fig. 4B. The relation between intensitv and 


in the frog’s eve This fiber gave a response on 


Abscissae give the logarithms of the intensity of 


for the circles give the freque ney impulse Ss per see 


ordinates (N on the right for the dots give the total 


grr 

2c 

impulses in the burst 
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In figure 4A are plotted the frequencies of various parts of the discharg: 
in a fiber eiving an initial burst followed by a maintained discharge. The 
initial frequency (first three impulses and maximum frequency (usually 
between the 5th to Sth impulse of the initial burst are given, together 
With the final level of frequency attained after four seconds of steady 
Hlumination. This graph may be compared with a similar plot for the 
Limulus single optic nerve fiber (Hartline and Graham, 1932, fig. 6 \t 
low intensities, near threshold, the maintained discharge usually adapts 
out compl tely after a second or two, and often only the initial burst can 
be obtained 

The degree of activity ina fiber giving only an “off response is also 
dependent upon the intensity of the light In figure 4B are plotted the 
initial frequencies of the discharge from such a fiber, in response to ces 
sation of lights of different intensities The sharp threshold, and the 
diminshed values at high intensities are similar to the corresponding plot 
of the “oft” burst of figure 3. This particular fiber gave a rather short, 
sharply defined burst not unlike the ‘off response in a typical ‘on-off 
fiber. This enabled a reliable count to be made of the total numbers ot 
impulses in the bursts, also plotted in figure 4B Usually, however, as 
has been said, the discharge in a fiber giving only an ‘off’ response is 
prolonged, and dies down very gradually. (Compare fig. 1B with © 
fig. OA and C with B, Dand bk.) The higher the intensity the longer does 
the discharge last; at very high intensities the initial part of it may be 
reduced to a few impulses, but after several seconds it is gradually resumed, 
and may persist for many minutes at a frequency which may be as high as 
twenty or thirty impulses per second. Several instances have been ob- 
served where such a discharge broke up into rhythmie bursts, coming at 
about 38 to 5 per second. 

Change in intensity. The amount of change in intensity also affects 
the magnitude of the responses. Fibers which discharge a brief burst of 
impulses in response to the onset and cessation of illumination also respond 
to a sudden increase or decrease in its intensity (fig. 5A); the bursts, how- 
ever, have fewer impulses at a lower frequency. Likewise the ‘‘off” fibers 
will respond, though less strongly, if the illumination is partially reduced 
(fig. 5B) but not if it is increased in intensity. The frequency of the 
maintained discharge in those fibers which show such a response is of 
course determined only by the level of the steady illumination-—an increase 
or decrease in intensity results in a corresponding rise or fall in frequency 
(fig. 7C). 

Light and dark adaptation. A given intensity of light is effectively 
weaker in the light adapted retina than after dark adaptation. As dark 
adaptation proceeds the response to a given intensity increases, and cor- 
respondingly the threshold falls, rapidly at first and then more gradually. 
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After one half hour in the dark a fiber may respor 
the intensity of that ne cessary to elicit a re ~porine 
condition. The essential character of the re SpOrise 


however, is unchanged by adaptation. Reliable 


B 
D 


Fig. 5. Records of the impulse discharge i 
eves. Record Bis from an alligator, the rest are from fre 

A. Response to a partial reduction and to an increase 
fiber. Left toright: Onset of light (log I 2.0 
intensity increased to original value; light turned of 

B. Response to partial reduction in intensity ina fiber giv 
Left to right: light of an intensity log 2.0 reduced in 

i length of record equivalent to ser showing a gradually 
has been removed) light increased to original intensity; 
alent to 1 see., showing no impulses, has been removed) light turned off; 
of record equivale nt to lsee.. showing a steadily decreasing discharge, | 
moved) light turned on again 

(*. (Time scale same as in the other reeords.)  Effeet of exposure i 

‘off? burst in an fiber. Left to right: exposures, to a constal 
of 0.18 sec., 0.70 sec., 3.0 see. Exposures made successively within about 
of each other, hence the ‘fon’? bursts in last two records are some 
first record, taken in the completely dark adapted condition 

I). Same as C fora fiber giving only an ‘‘off’’ response Left 
a constant intensity of 0.20 see. and of 2.2 sec 

Inhibition of discharge by re-illuminatior See also B 
After an interruption of 0.23 sec. light is turned on again (middle seetion 
full ‘‘off’’ response shown In last section of record 


urements of the effect of adaptation in these experiments are difficult 
to obtain, owing to the comparatively short time fibers stay alive in a 
dissected bundle. 

Duration of exposure. The strength of an “off? response at a given 


intensity depends on the length of time the preceding light has been al- 
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lowed to shine It is ¢ ntirely absent following short flashes, and in general] 
is stronger the longer the exposure. This is true for the fibers giving both 
“on” and “off” bursts (fig. 5C) as well as for fibers giving only ‘‘off” re- 
sponses (fig. 5D). Similarly the ‘ton’ burst will be absent or weak unless 
there has been a sufficiently long period of darkness preceding (fig. 7B 
The exact time requirements for the development of the “on” and “off” 
bursts vary widely with different fibers. 

Inhibition of the “of response. The presence, in the vertebrate eye, of 
a fair percentage of fibers responding only when the light is turned off or 
reduced. in intensity is one of the somewhat surprising findings of the 
present study. Although no impulses appear in such fibers during illum- 
ination, it is to be emphasized that the “off” discharge depends upon the 
preceding period of illumination for its excitation The effect of this 
excitation does not appear until after the stimulating agent has been 
removed. Indeed, if the retina be re-illuminated before an “off” response 
has subsided, the discharge is abruptly suppressed. This may be seen in 
figure 5k, by comparing the effect of the brief interruption of the illumina- 
tion with the fully developed “off” response following permanent cessation 
of the light. A very brief interruption (shorter than the latent period ot 
the “off response) will still give rise to a burst of impulses, but one which 
ix very short and with considerably reduced impulse frequency. The 
prolonged “oft discharge following intense and prolonged illumination ean 
always be stopped by re-illumination, even at considerably lower intensity 
Following such a period of low illumination the discharge re-appears, 
augmented by the “off? response caused by cessation of the weak light 

This inhibitory action of light on the “off” discharge is one of the most 
striking features of the vertebrate optic response, Most of its effects 
Which have been noted here have already been deseribed in responses Trom 
the whole optic nerve (Granit and Therman, 1935; Granit and Riddell, 
1934). Phe present results clarify the analysis considerably, by showing 
the roles played by different fibers. Thus the latency of the suppression 
of the “off? discharge is usually very short —-shorter than the latency of 
the “on” bursts in other fibers, especially under the conditions of light 
adaptation which necessarily exist. Hence in bundles containing many 
active fibers a brief pause occurs, shortly following re-illumination, during 
Which no impulses are discharged (fig. 7B). This interval between the 
time when the activity in the “off” response fibers has been suppressed 
and the moment of appearance of the “on” bursts in other fibers probably 
corresponds to the A" wave of the retinal action potential. As shown by 
Granit and Therman (1935), the principal effect of the “A” wave is to 
remove what “off” effect may be present; it is large when there is still a 
strong discharge in the “off” response fibers. When the discharge has 
subsided in most of these fibers, after dark adaptation, and the “on” 
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bursts in other fibers are stronger and 
is correspondingly small 

Stability of esponse types a. Conditior 
seen from the preceding sections that the various tvp 
are obtained in different fibers are characteristie of 
question, rather than being due to the conditions of 
fibers giving “on” and “off bursts, or only “off” re 
entire range of intensities to which they respond 
discharge is maintained during steady illumination 
all intensities except near threshold. Likewise 
adaptation of the eve, the type of response i 
change. Frogs kept in bright sunlight for as long : 
essential differences in the types of responses from 
kept in complete darkness for 48 hours, have h: 
prepared in red light, and the nerve bundles 
weakest possible white light 

b. Katernal far lors In order to test. the possible 
the more obvious external factors which might affect thi 
ing experiments were done. While not extensive, they 
siderable stability in the essential features of the variou 
Asphyria: if hydrogen is passed through the moist cl 
quickly become feeble and soon fail; they return to then 
if oxygen is promptly readmitted. But at no tin 
essential character Guring asphyxia and COs: 
the Ringer’s solution between 6.8 and 8.5 (phosphate bu 
the retina was then bathed for a few minutes produced no very 
change in the responses, In one experiment Two per cent () 
with the air passed into the moist chamber causes reversible failure, wit 
no change in the character of the responses lon unbalanes bathing 
the retina for a few minutes with Ringer's solution containing 
calcium brings about a great increase spontaneous activity, 
tends to prolong the bursts of both the ‘on-off’ and “off” types, 
possibly some tendency to show “escape” of scattered impulses 
illumination. tinger’s solution containing no potassium, on the 
hand, abolishes even that spontaneous activity which may be pres 
normally, and reduces the number of impulses in the bursts caused by 
change in illumination. In fibers which normally show a maintained 


discharge the response is not abolished, although its frequeney may be 


reduced. These changes with unbalanced Ringer's solution are all re 
versible. = 7% mperature: hetween 18° and 24°C. there is a marked speeding 
up of the responses with higher temperature, but there is no essential 
change in their character. Season: over a period of three years these 
experiments have shown no differences that could be correlated with the 
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season of the year, or whether the animals were freshly caught or had bee: 
kept in the laboratory. 

Thus external agents which definitely affect the degree of response do 
hot, however, change its essential character, That seems to be a fixed 
attribute of each particular ganglion cell, 

Re SPonses on other vertebrates. Responses In optic nerve fibers have been 
recorded in a variety of cold blooded vertebrates other than the frog 
These experiments include one shark, one Vecturus, a number of turtles and 
alligators, one iguana and several varieties of snakes. While not extensive, 
they show unmistakably the same general result that is found in the exper- 
iments on frogs. In the eves of all these animals there are fibers which 
maintain a discharge us long as the retina is illuminated (or at least for 
the first several minutes), other fibers which give bursts of impulses only 
in response to changing the intensity of light, and still others which respond 
only when the illumination is reduced. Minor differences have, however, 
been found, and a more exhaustive comparative study might even reveal 
significant variation in optie function among different vertebrates. “Thus 
in the experiment on Necturus the maintained discharge disappeared 
completely after a half minute exposure to light, and the ‘off responses 
were feeble and required at least ten or more seconds’ exposure before they 
could be elicited. And in both the turtle and alligator eves fibers are 
not infrequently found giving only a brief burst when light is turned on, 
with neither maintained discharge nor “off” response. On the other hand 
Where one might expect to find striking differences, as in the pure cone 
retina of the snake, neither the actual types of response nor the relative 
frequency with which they were obtained differed notably from those in 


the mixed, though predominantly rod retina of the frog. (Only four 


satisfactory experiments have been done on the snake eye, since it is a 
difficult preparation.) 

Spatial effects. No description of the optic responses in single fibers 
would be complete without a description of the region of the retina which 
must be illuminated in order to obtain a response in any given fiber. This 
region will be termed the receptive field of the fiber. The location of 
the receptive field of a given fiber is fixed; its extent, however, depends 
upon the intensity and size of the spot of light used to explore it, and upon 
the condition of adaptation; these factors must therefore be specified 
in deseribing it. For moderate intensities (less than ca. 4 logarithmic 
units above threshold) and small spots (of the order of 0.1 mm.) the re- 
ceptive fields of most of the fibers of the frog’s retina are roughly circular, 
with a diameter of the order of 1 mm. in the dark adapted condition. Even 
at threshold a small spot of light 0.05 mm. in diameter will usually elicit a 
response in most fibers anywhere within an area of ca. 0.5 mm. diameter. 
At higher intensities the size of this region from which a response can be 
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obtained is larger, but the strongest response 

central portion of the receptive field; from the 

usually of the threshold type (fig. 6 Thus the 

different points within a restricted region of the 

given ganglion cell, and cause responses in its axon 

extends over greater distances the stronger the stimulus 
intensity the effects are strongest in the center of the region 

Of particular importance to the present discussion is that, 

part of the receptive field is stimulated, the response in am 

is always essentially of the same type. This holds true fon 
response, and applies to stimulation anywhere within the recepti 
\ few apparent exceptions have been observed, in which the typ 
sponse Was different for different positions on the retina of the stin 


Fig. 6. Records of the impulse discharge in a sin 
eve, showing stronger response upon illumination i 
fiber than that obtained near margin 

A. Spot of light (og 1 2.0) 0.05 mm. in diameter ¢ 
sensitive portion of the retina for this fiber 

B. Spot placed 0.22 mm. from this position (a portion of t 
to 0.65 sec., and containing one impulse 0.45 sec. from the last or 
been removed) Responses to this spot could be obtained anys 
of ca.0.4 mm. of the position giving record A; the discharge was m: 
out the entire period of illumination, however, only for positions 
central one (within ca. 0.05 mm.) 


spot of light. In those cases where opportunity permitted a closer investi 
gation, however, they proved to be either anomalous effects near threshold, 


or else due to two active fibers whose action potentials were so re 


similar as to be confused.!— If true exceptions do exist, they must be quits 


rare; nevertheless they would be of considerable significance in explaining 
the diversity of the response types. 
No correlation has been noted between the type of response given by a 
fiber and the location in the retina of its receptive field; all response types 
1 Such confusion does not arise very often, and when it does there is usual 
quate opportunity to recognize the impulses due to separate fibers when the 
begins to die, since it is verv unlikely that different fibers will fail to conduct 
same time and show the same changes in the form and magnitude of their 
potentials, 
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can be obtained from any part of the retina. (Whether this holds tru: 
for the foveal region in animals possessing a well-defined rod-free area 
needs to be determined. Indeed, the receptive fields of different fibers 
picked up in the same bundle frequently overlap considerably, and in 
fortunate preparations, where impulses in different fibers can be clearly 
distinguished by differences in the form and magnitude of their action 
potentials, It Is easy TO show that fibers with different tvpes of response 


B 


Fig. 7. Reeords of the discharge of impulses in bundles of optic nerve fibers of 
vertebrate eves, each showing different types of responses in different fibers from the 
sume region of the retina 

A. Bundle from turtle’s eve, showing one fiber giving ‘‘on’’ and ‘off’? bursts 
large impulses); another discharging impulses throughout whole period of illumina 
tion (small impulses); and a third giving only a brief ‘off’? response (medium sized 
impulses) 

B. Bundle from frog’s eve, showing two active fibers, one giving ty pical ‘fon’ and 
“off! bursts (large impulses), the other responding only to turning light off. Re 
illumination after 0.386 see. (middle part of record) stopped the discharge in fiber 
giving only the ‘off?’ response (compare with last part of record, where light was left 
off) and produced a very weak ‘on’? response in the ‘‘on-off"’ fiber 

C. Bundle from frog’s eve, showing a fiber (small impulses) which maintained its 
discharge at a low frequency during period of illumination at beginning of record 
Intensity doubled, this fiber gave an initial burst and then maintained its discharge 
at a higher level of frequeney. Intensity reduced to its former value; frequency in 
this fiber dropped, and another fiber responded with a vigorous ‘‘off”’ response, (large, 
thin impulses) \ third fiber (medium sized, thin impulses) gave a short burst in 
response to the increase, and very few impulses (difficult to distinguish) in response 
to the decrease 


are usually present and are stimulated simultaneously by a small spot of 
light (fig. 7). Such observations constitute good evidence for the dis- 
tinetness of the response types, for they are obtained under identical 
conditions of adaptation, stimulation, and external environment. 
Discussion. From this experimental study it is apparent that each 
individual ganglion cell has a relatively fixed character of response, which, 
with few exceptions, falls under one of three distinet types. Concerning 
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the explanation of this rather unexpected result one can only sp 

lhe retina, of course, does not possess a homogeneous population of end 
organs, and it is possible that the different types of response originate in 
different types of visual sense cells, merely being relayed through the gan- 
slion cells unaltered. Thus the rods and cones might give rise to responses 
of different types. Ignoring for the moment the presence of 
types of response in the pure cone retina of the snake, it is still difficult to 
fit three response types into a duplicity theory, and evidence is still 
lacking that would associate any of the response types with either rod or 
cone function. But different forms of both rods and cones are present in 
most cold-blooded vertebrate retinas, and different sense cells show adapta- 


1] } 
three 


tion of their responses in different degrees. It is not unreasonable to 
assume that certain of either the rods or cones, or both, might adapt 
completely following their initial discharge of impulses. Even pure “off” 
responses might be supposed to originate in certain cells excited by a shift 
in their equilibrium in the sense opposite to that which usually gives rise 
to the discharge of impulses. 

The diversity of response might, on the other hand, originate in the 
layers of the retina between the rod and cone layer and the ganglion cells. 
Thus a given ganglion cell may be subject to diverse and rival influences, 
and its response determined by the relative amounts of each. This, in 
turn, may be fixed in large measure by the anatomical connections between 
the ganglion cell and its underlying neurones. This study in fact has 
shown clearly that the excitation produced by light may be subject to 
modification by an influence which may justifiably be termed inhibitory. 


Thus the relative amounts, and rates of rise and fall of excitatory and 


inhibitory influences upon a ganglion cell might determine its response. 
The “off” effect may then be due to a post-inhibitory release of the effects 
of an excitation which are all the greater for having been suppressed during 
the actual period of illumination. Granit and his co-workers have urged 
the use of these concepts in the interpretation of optic response. 

Still another explanation to be considered is the possibility that func- 
tional differences may exist among the ganglion cells. While subject to 
essentially the same influences from the underlying retinal layers, different 
ganglion cells may respond differently to shifts in their equilibrium. The 
further consideration of these and other possibilities must wait upon the 
iesults of further experiments. 


SUMMARY 


1. Action potentials in single optic nerve fibers of cold-blooded verte- 
brate eyes may be obtained from small intraocular bundles dissected off 
the anterior surface of the retina of excised, opened bulbs. 

2. Responses in different single fibers from the same retina show differ- 
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ent types of response. In about 20 per cent of the fibers response t: 
illumination of the retina begins with a burst of impulses at high frequency, 
followed by a steady discharge at lower frequency which is maintained 
throughout illumination, and stops when the light is turned off. About 
50 per cent of the fibers show only a burst of impulses in response to thy 
onset of illumination, and another in response to its cessation; no impulses 
are discharged during steady illumination of the retina. The third typ: 
of response, obtained from about 30 per cent of the fibers, shows no dis- 
charge either at the onset of illumination, or throughout its duration, 
but gives a vigorous and prolonged discharge when the light is turned off. 

3. In general the higher the intensity of retinal illumination the shorter 
is the latent period of the response, the higher its frequency of discharge, 
and the greater the number of impulses in a burst. 

4. Fibers which give a response to the onset and cessation of light also 
respond, though less strongly, to an increase or a reduction in its intensity. 
Fibers giving only an “‘off’’ response respond, though less strongly, to a 
reduction in intensity; they give no response to an increase. 

5. As dark adaptation of the eye progresses, the discharge which can 


be obtained from any fiber in response to a given intensity increases; the 


threshold of response correspondingly falls, rapidly at first and then more 
gradually, for half an hour or more. 

6. “Off? responses are weak or absent following short periods of il- 
lumination; similarly ‘‘on’”’ responses require a sufficiently long preceding 
period of darkness for their full development. 

7. The discharge in fibers giving only an “off”? response is promptly 
suppressed by re-illumination of the retina. 

8. The type of response in any given fiber does not depend upon condi- 
tions of stimulation or adaptation of the eye. Even certain external 
agents (asphyxia, CO, ion unbalance, temperature), while affecting the 
responses do not alter their essential character. 

9. Experiments on fish, amphibian and reptilian eyes give essentially 
the same results as regards the types of response found. 

10. Responses can be obtained in a given optic nerve fiber only upon 
illumination of a certain restricted region of the retina, termed the recep- 
tive field of the fiber. 

11. The location on the retina of the receptive field of a fiber is fixed. 
Its extent depends upon the size and intensity of the spot of light used to 
explore it, and upon the state of adaptation of the eye. 

12. With possible rare exceptions the type of response in any fiber 
does not depend upon the portion of its receptive field which is illuminated. 

13. The type of response in a fiber is not correlated with the location of 
its receptive field in the retina. 

14. The question is discussed as to whether the diversity in types of 
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response is due to different types of sensory cells, whether it arises in 1 


intermediate layers of the retina, or whether it is the result of fun 
differences among the ganglion cells. 
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Symptoms and sequelae. The condition of hyperexcitability induced by 
magnesium deprivation was first observed by Kruse, Orent and MeCollum 
(1). In their opinion this condition represents a new form of tetany 


distinguished by a normal blood calcium and an absence of alkalosis. A 
study of the syndrome of magnesium tetany has been made in the cours¢ 
of the present work with results similar to those of Kruse, Orent and 
MeCollum. However, it is of interest to describe certain differences 
which were noted and the type of variability introduced into the syndrome 
by changing magnesium levels and certain other factors in the diet. 

The diets and the experimental procedures employed in this work are 
described in the first paper of this series (2). 

Peripheral vasodilatation. The high degree of constancy in the time of 
appearance and the duration of the vasodilatation and hyperemia observed 
by Kruse, Orent and McCollum were not found with the diets employed 
in this work. Ata dietary level of 0.4 mgm. of Mg per 100 grams food, 
vasodilatation appeared in all the animals in about seven to nine days and 
persisted for a period of from a few hours up to four days. Above this 
magnesium level, the percentage of animals which were affected decreased 
and even greater variation appeared in the time of onset and duration of 
the phenomenon. With 2 mgm. per cent magnesium in the diet, vaso- 
dilatation appeared in only half the animals and the average time of onset 
was at about twenty-one days. With adiet containing 5mgm. per cent Mg 
and 0.87 per cent Ca, approximately two-thirds of the animals exhibited 
redness of exposed skin areas from the fifth to the eleventh day, then it 
subsided and reappeared again for one or two days on about the thirtieth 
day of the experiment. Occasional reappearance of the hyperemia has 
also been observed in older animals by Kruse, Orent and McCollum. 
In animals fed a 5 mgm. per cent Mg diet containing 1.16 per cent Ca, 
vasodilatation appeared as early as the third or fourth day in a very severe 
form and lasted four to five days. Variation in the age of the animals at 
the start of magnesium depletion seemed to have little effect on the ap- 
pearance of this phenomenon. 


1 This work was aided by grants from the Christine Breon Fund for Medical Re- 
search and the Division of Natural Sciences of the Rockefeller Foundation. 
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Handling of the animals or taking them to a cooler envir 
the vivid searlet color which is particularly conspicuous in 1 
rapidly. The deep color returns in a short while after the 
returned to their cages. 

The symptom of vasodilatation varied not only in the durat 


of its appearance, but also in its time relationship to the ay 


‘ss than | mgn 
magnesium it appeared concomitantly with the first sy 


hyperexcitability. On diets containing 


excitability. On 1.0 to 1.5 mgm. Mg diets it was possibl 

convulsions three to four days after the appearance of 

on 1.8 to 2.2 mgm. Mg diets, eight to twenty days after its appearance 

a few cases convulsions were induced before the onset of vasodilatation 

Hyperexcitability. The effect of varying the magnesium content. of 
the diet on the time elapsing before the first convulsions is shown in figure 
1. The results are much what one would expect. At levels of less thar 
1 mgm. of Mg per 100 grams food all experimental animals reacted within 
10 to 14 days and their total life span was from 21 to 30 days with death 
resulting from a spontaneous convulsion. At levels of about 1.2 mgm. ot 
Mg per 100 grams food, 90 per cent of the animals reacted at an averags 
time of fourteen days and their life span was somewhat increased. At a 
magnesium level of 1.5 mgm. the onset of hyperexcitability took place at 
about twenty-two days and involved three-quarters of the rats. Some of 
the animals survived as many as three attacks of convulsions and the lift 
span was increased 35 to 47 days for the majority of the animals. At a 2 
mgm. level the time of onset of hyperirritability, on an average, is post- 
poned until the thirty-third day, and involves only about half the animals 
The life span is increased almost indefinitely and the animals on this diet 
have been known to survive as many as five convulsive attacks. With 
the low calcium, 5 mgm. per cent Mg diet, there was usually some evidence 
of hyperexcitability in about one-quarter of the animals after two to 
three weeks on the diet. The animals then became resistant for an in 
definite period of time, when a second onset of excitability occurred jn 
most of the animals. Two animals which had had no previous convulsions 
on their record were found to be hyperexcitable during lactation at 157 
and 200 days on the diet, respectively. Another animal with a record 
of a convulsion at nineteen days on the diet was shown to be hyperexcitable 
after 126 days on the diet. No signs of hyperexcitability were observed 
in rats receiving more than 5mgm. Mg per 100 grams of diet unless the cal 
cium content was augmented. 

Aside from the magnesium level, the vitamin G complex and caleium 
contents of the diet and the initial weight of the animals were found to 
have a marked effect on the time elapsing before convulsions could first 
be induced. The influence of the first two factors becomes more apparent 
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when the deficiency is not too severe. With regard to the last factor, 
within certain limits, the time elapsing before the appearance of hyper- 
irritability increased in proportion to the weight of the animal. 

Our attention was turned to the vitamin G complex as a possible factor 
in the picture of magnesium deficiency because it was observed that both 


TIME of FIRST CONVULSION 


DIETARY MAGNESIUM LEVEL 


Fig. 1. Relation of magnesium intake to the experimental period elapsing before 
the first induced convulsion. The height of the entire column along the ordinate 
represents the number of days after the beginning of depletion at which the first 
convulsion was observed. The width of the base of each column along the abscissa 
is equal to the magnesium intake in milligrams Mg per 100 grams food. The shaded 
portion of the column indicated the proportion of the animals which became hyper- 
excitable at the time mentioned above. From left to right, the data may be sum- 
marized as follows: 


mgm. Mg Number of 
in diet animals 


‘olumn I 2 12 
‘olumn II 5 2 
‘olumn III 8 12 
‘olumn IV 2 6 
‘olumn V 5.0 11 


The starting weight in all groups shown in this figure was between 50 and 60 grams, 
and the vitamin G and B intake was uniformly in excess of twice the amount neces- 
sary for optimum growth. 


the control and deficient animals show signs of malnutrition when the 
water soluble vitamin supplement was given in the form of an alcoholic 
extract of yeast, prepared according to the directions of Kruse, Orent, 
and McCollum.* All symptoms of the deficiency were alleviated in the 


2 From yeast powder purchased from the Northwestern Yeast Company. 
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control animals, but not in the magnesium low animals by 
ditional vitamin G in the form of liver extract. 

The following series of experiments illustrate the influence of 
G on the onset on magnesium tetany. On a diet of 2.0 mgm. per cen 
Mg, one group of deficient animals was first depleted of vitamin G an 
then fed an amount necessary to make the corresponding controls gain 10 
to 15 grams a week. A second group was fed from the start and through- 
out the fifteen weeks of the experiment a vitamin G level necessary for a 
gain of 10 to 15 grams a week. The third group was fed vitamin G in 
excess of the amount necessary for optimum growth. Two-thirds of the 
animals in the first group became hyperexcitable and convulsions were in- 
duced at times varying from the fourth to the twenty-first day. Half of 
the second group and only a third of the last group became hyperexcitable 
In the latter two cases the first convulsions appeared about the thirty-third 
and fortieth day, respectively. This phenomenon was not related to any 
difference in magnesium depletion as shown by subsequent analysis, nor 
was the hyperexcitability developed in the first group related to the vita- 
min G depletion alone, since controls at this same vitamin G level showed 
no symptoms of hyperexcitability. Probably the explanation of the 
apparent synergism of the two deficiencies lies in the fact that vitamin G 
deficiency itself promoted some damage to the nervous system which would 
tend to increase its reactivity so that the effects of the two deficiencies are 
additive. 

The effect of increasing the calcium level of the diet is to shorten the 
average time of onset of irritability and to increase the incidence and the 
severity of the convulsions. Thus, only about a quarter of the animals 
of the 5 mgm. Mg low calcium diet became hyperexcitable and all survived 
convulsions, while two-thirds of the animals on the 5 mgm. Mg high cal- 
cium diet showed the first signs of hyperexcitability in 11 to 32 days and 
succumbed to fatal convulsions in from 16 to 72 days. 

The effectiveness of different types of stimuli in producing convulsions 
is of singular interest. We have attempted to use visual, electrical, and 
auditory stimuli for inducing convulsions. The visual stimulus of short 
flashes of a powerful light was entirely ineffective. Shocks from an induc- 
tion coil were ineffective in all but one or two cases, although they fre- 
quently produced some signs of hyperexcitability in the animal. Several 
types of auditory stimuli have been tried, namely, a short sharp noise 
produced by firing a cap pistol, various tones through the audible range 
produced by an oscillator, the hissing of an air blast, and the sound of 
rapidly running water. Only the last two stimuli threw deficient animals 
into convulsions. The sound of an air blast is the most potent and as the 
animals become more and more deficient a shorter and softer stimulus is 
sufficient to throw them into a convulsion. The sound of rapidly running 
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water is effective only for extremely deficient animals. There was ap- 
parently no adaptation to the air blast sound since it did not require 
greater stimuli to induce convulsions in rats previously exposed to the 
stimulus when unexcitable, or in those which had had previous convulsions. 
Apparently the deficiency produces a far greater sensitivity in the auditory 
system than in the peripheral, sensory, muscular, or visual systems. 
Furthermore, the sensitivity must involve a fairly specific part of this 
system since only two very similar sounds can be considered as effective 
stimuli. ‘This is very significant in the light of the effect on this condition 
of certain drugs which are described below. 

Site of the lesion. Protection against convulsive attacks is not afforded 
by the injection of a magnesium salt (1 to 2 mgm. Mg intraperitoneally) 
for a period of up to four or five hours following the injection. This 
observation does not harmonize with a view that the hyperirritability 
in this condition is a peripheral affection or is merely the result of an ion 
imbalance in the body fluids. 

In order to obtain more information on the location of the lesion in the 
nervous system responsible for the hyperirritability in magnesium de- 
ficiency, experiments were carried out with certain drugs which are gen- 
erally agreed to have their principle and characteristic actions in specific 
regions of the central nervous system. Contrasting tests were made on 
the sensitivity of hyperirritable magnesium deficient and of control rats 
to the convulsant action of strychnine sulphate, picrotoxin, and cocaine 
hydrochloride. The convulsant action of these drugs is stated to be 
centered in the spinal, midbrain, and cortical region, respectively (3). No 
differences in the size of the dose required to produce convulsions were 
found with either strychnine or cocaine. On the other hand, the mag- 
nesium deficient animals appear to have a small but definitely increased 
sensitivity to the convulsant action of the midbrain drug, picrotoxin. 
This is shown by the data given in table 1. 

It will be noted that at a level of 0.25 mgm. of picrotoxin per 100 grams of 
body weight, some 95 per cent of the deficient rats tested succumbed to 
convulsions, nearly 50 per cent being fatal. At this dosage none of the 
controls suecumbed and only 25 per cent showed onset of a convulsion. 
From table 1 it would appear that a dosage of more than 0.35 mgm. per 
100 grams of body weight is required to produce an equivalent effect on 
the controls. There appears to be a definitely increased sensitivity to 


picrotoxin in this condition, although the magnitude of the difference is 


not extremely great. 

If the site of the hyperirritability is situated in the central nervous 
system, magnesium tetany is of a definitely different type than is para- 
thyroid or low calcium tetany. Considerable evidence exists that the 
lesion in parathyroid tetany is located in the neuro-muscular junction. 
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This is shown, for example : by the antidotal 

tion as has been demonstrated by Hart ridge 

have found, does not protect agaist, but instead 

the convulsions in magnesium tetany.  Phis indie 

these two conditions are not similarly situa 

magnesium tetany is shown in table 2 

were Induced by the usual stimulus used to test 

nesium deficiency, namely, the hissing sound of an air | 
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Deficient 


Controls 
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neidence of con 


NUMBER HAVING 


0.15 


* The curare solution was prepared by steeping the weighed material overnight 
in warm saline solution. Since a small portion did not dissolve, the 


in the table are only approximate 


determined on control animals that a fatal paralysis develops at a dosage of 
about 0.5 mgm. of curare per 100 grams of rat 

The eurarized deficient animals suffered more severe convulsions than 
ix the ease for non-curarized animals. In practically all cases, the eu- 
rarized animals died of respiratory failure in the course of the convulsion, 
probably beeause of the weakening effect of the curare. The two rats 
listed in table 2 which gave a negative response were probably not suffi 
ciently hyperirritable to be at the convulsive stage 

Further evidence favorable to the view that the lesion responsible for 
the hyperirritability in magnesium deficiency is situated in the region of 
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the midbrain is offered by the action of the barbiturates in protecting 
against convulsions in this condition. It has been shown by Swanson and 
Chen (5) that sodium amytal affords protection against the convulsive 
effect of the midbrain drugs, picrotoxin and cori-amytrin. Similarly, 
sodium amytal is an antidote against and will prevent the onset of convul- 
sions in magnesium deficiency. In an experiment to demonstrate this, a 
dozen deficient animals which had previously been shown to be hyper- 
irritable were injected intraperitoneally with sodium amytal in amounts of 


2.5 and 5.0 mgm. per 100 grams of body weight. This is, respectively, 


about } 


and the anesthetic level of this drug in the rat. These animals 
were completely resistant against attempts to induce convulsive seizures 
for a period of about five hours after injection. 

Qn the basis of the experimental evidence given in this section, it may 
be suggested as a tentative hypothesis that the hyperirritability in mag- 
nesium: deficiency is associated with an affection located in the midbrain or 
pons and in particular scems to involve the central reflex connections of the 


cochlear nerve, 


+44 


Fig. 2. Klectrocardiogram of a rat taken during a magnesium tetany convulsion 

The convulsions in magnesium tetany, whether they are induced or 
spontaneous, always follow more or less closely the pattern outlined by 
Kruse, Orent, and MeCollum (1). The animals may exhibit some signs 
of hyperirritability before any convulsions are observed, i.e., they are 
more easily frightened by noises or sudden movements than the controls, 
run restlessly about their cages, and occasionally bite the cages violently. 
Frequently a pronounced protrusion of the eyeballs appears for the two 
or three days previous to a convulsion. This exopthalmos has been 
mentioned by Day, Kruse, and MeCollum (6) as being a symptom of a 
compound magnesium and calcium deficiency. The exophthalmos becomes 
progressively worse until after the seizure when it subsides. “The convul- 
sive attacks vary greatly in severity and the animals may remain in a rigid 
unconscious state for only a moment, or, in a very severe attack, for per- 
haps fifteen minutes. In a few instances, animals have been observed 
which did not become unconscious during the excited state, but ran in 
circles about the cage, bit the cage or other rats in it, and emitted sharp 
squeaks. This condition usually lasts much longer than the excited 
state in which a convulsion actually takes place. In contrast to the 
above authors, we have never observed priapism during convulsive seizures 
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in any of our animals. The recovery period covers a 


than the convulsion and may occupy almost two hours 


Magnesium deprivation causes an increase in the pulse rate 
cardiographic records of rats under light amytal anesthesia sho 
the heart rate of deficient animals, on a 1.2 mgm. per cent Mg di 
days, averages about 20 more beats per minute than the controls 
beats per minute more between the period of 10 to 40 days on the diet 
convulsive seizure drastically slows the heart and leads to an arrhyt 
Electrocardiograms taken of rats while unconscious from convulsive 
zures show evidence of a sino-auricular block. 
but both auricles and ventricles skip beats from time to time (see fig 
We are indebted to Dr. Robert Aird for much helpful advice in 
neurological aspects of this work, and to Dr. Erie G Ogden for assistance 
in taking the electrocardiograms. 


SUMMARY 


1. A study has been made on the influence of a number of factors on the 
incidence, time of onset, and duration of peripheral vasodilatation and 
hyperirritability in magnesium deficient rats. These symptoms were 
found to be greatly affected by the degree of magnesium deficiency, the 
starting age of the rats, and the dietary levels of calcium and vitamin G 

2. The localization of the lesion concerned with the hyperirritability 
appears to be in the midbrain or pons. This is supported by an increased 
sensitivity of the deficient animals to the convulsant action of picrotoxin 
and the protective action of sub-anesthetie doses of sodium amytal against 
convulsions. 

3. Magnesium tetany differs from calcium tetany in that curare does 
not prevent the onset of convulsive seizures in this condition 
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The condition of hyperexcitability and trophic changes in the epidermic 
structures of the rat brought about by magnesium deprivation were first 
observed by Kruse, Orent and McCollum (1). 

Cramer (2), in 1932, found that most of the rats which he placed on a 
prepared synthetic diet low in magnesium (stated to contain 0.632 mgm. 
per 100 grams of food) developed marked changes in the kidneys. At 
autopsy, the kidneys of many of these animals were found to be enlarged 
and had puckered surfaces, some showing a gray mottling. On cut section, 
they exhibited definite striations at the junction of the medulla and cortex. 

Histologic preparations presented a picture of extensive degeneration 
of tubules and glomeruli, which was most marked at the junction of the 
medulla and cortex where, in some of the sections, the necrosis was accom- 
panied by calcareous deposits in the tubules and glomeruli. 


These observations were rendered considerably less significant by the 
fact that the kidneys in about half of the animals of the control groups 
also exhibited some degeneration which was confined to the junction 
between the cortex and medulla. The lesions in the control animals 
were characterized by calcifications in the tubules. This abnormality was 
attributed to an excess in the diet of vitamin D, which was furnished 
by cod-liver oil. 


Cramer stated that over a period of six weeks his experimental animals 
grew as rapidly and looked as well as did the rats given the control diet. 
With so low a level of magnesium in the diet as was given, it is difficult 
to understand the absence of symptoms of hyperexcitability or of nu- 
tritional deficiency. 

Brookfield (3), working with rats and using the diet of Kruse, Orent 
and MeCollum, observed similar changes in the kidneys of animals given 
a diet of low magnesium content. He observed also degenerative changes 
which involved the Kupffer cells in the liver. This latter finding has not 


1This work was aided by grants from the Christine Breon Fund for Medical 
Zesearch and the Division of Natural Sciences of the Rockefeller Foundation. 
2 A preliminary report has been published in J. Biol. Chem. Proc. 114: xliii, 1936. 
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been confirmed by us. Like Cramer, Brookfield observed no 
of nutritional deficiency in his animals. He states, however, that 


groups of animals, those receiving the control diet and those recei 
the magnesium-deficient diet ceased to grow after a short perio 

From the results of our work, it would appear that the basic dir 
Brookfield may have been low in one of the vitamin G factors, and it is pos 
sible that a deficiency of some water-soluble vitamin component 
cessation of growth in both the control and the experimental grou 

Mackay and Oliver (4), by feeding animals on a diet contai 
cessive amounts of inorganic phosphate, produced lesions in 
comparable in their general features to those resulting from 
deprivation. These authors stated that the salt mixture used by ¢ 
contained a sufficient amount of phosphate to produce renal d: 
and, further, that they were unable to produce the lesions solely by means 
of a diet low in magnesium. 

In view of these conflicting reports, it has been considered desirable to 
publish the results of our series of observations on the changes in rena! 
function that occur in rats reared on diets low in magnesium.* 

In a previous paper of this series (5), it has been shown that the course 
of magnesium deficiency in the rat consists of two fairly definite phases: 
the first characterized chiefly by vasodilatation, hyperemia and hyperexcit- 
ability; and the second by signs and symptoms of nutritional deficiency 
and renal damage. In the course of the second phase of magnesium 
deficiency, the alterations found in a number of bodily functions lead to 
the conclusion that prolonged magnesium deprivation eventually causes 
a nephrosis-like type of kidney degeneration. ‘This conclusion is supported 
hy the following findings; first, definite changes in the kidneys were found 
similar to those first observed by Cramer, except that the degree of calcium 
deposition was greater in our experiments. Second, the blood serum 
proteins were definitely lowered. (In the final stages of deficiency the 
protein levels have, in some instances, been so low that they could easily 
account for the edema which appeared.) Third, the deficient animals 
showed an increased excretion of protein nitrogen, a persistent albuminuria, 
and an increased volume of urine. No increase of casts was observed, and 
tests for the presence of blood in the urine were consistently negative 
These findings are compatible with those observed in the nephrotic types 
of renal disease. 

The control animals, fed the same diet (containing 0.87 per cent calcium) 
and a supplement of 50 mgm. of magnesium per 100 grams of food, showed 
no evidence of gross or histologic changes in the kidneys. 

From a study of the microscopic sections of the kidneys of the animals 


3 The composition of the diets and the experimental procedures which have been 
employed are reported in reference (5). 
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sacrificed, the renal changes occurring during successive stages of mag- 
nesium deficiency may be described as follows: 

General appearance. With a mild degree of deficiency, diffuse hemor- 
rhage and engorgement of the vessels of the medulla occur. In the ad- 
vanced stages of deficiency, the kidneys are enlarged and edematous. 
In most cases the capsule is found to be thin. In the cortex the tubules 
are prominent. Some contain hyaline material and others are surrounded 
by round-cells. There is some granular debris and a few concretions of 
calcium in the tubules. 

Cortico-medullary boundary zone. This is the region of greatest calcifi- 
cation. In the initial stages the tubules are seen to contain much granular 
and pultaceous debris. At a more advanced stage of deficiency, large 
concretions of caleium occur in the outer stripe of the boundary zone, 
crowding the adjacent tubules. The tubules containing calcium become 
distended, and the epithelium atrophies. There is no evidence of inflam- 
matory reaction. The calcium deposits extend throughout the medulla 
but are progressively smaller as one approaches the tips of the pyramids. 
Practically all the convoluted tubules of the area contain calcareous 
material in various stages of condensation. 

Medulla. In most instances, many small concretions of calctum may 
be seen in the medulla. Around the concretions are patches of diffuse 


tubular atrophy. In some of the tubules there is a collection of amorphous 
material and others contain pink hyaline material. A prominent finding 
in the medulla is the increase in interstitial connective tissue, best seen 


with von Giesson’s stain. With the von Kossa stain, the concretions in 
the boundary zone and the medulla are stained brown. 

Illustrations of the findings indicating renal damage resulting from 
deficiency of magnesium are shown in the photomicrographs in figure 1. 

Proof of the caleareous nature of the deposits that were observed in 
these kidneys has been obtained in a number of ways: First, the reaction 
to the von Kossa stain was positive (fig. 1-C). Second, microincineration 
of sections of kidney demonstrated large mineralized areas (fig. 1-D). 
Third, on addition of sulfuric acid to the incinerated sections, gypsum 
crystals formed at the periphery of the residual masses of mineral matter. 
Fourth, there is an increase in the quantity of caletum found in the kidney 
(see table 2). 

Besides histologic changes, the kidneys showed also such gross changes 
as light-colored patches or pitting of the surface of the kidney, and irregular 
coloring in the cortex of fresh sections. In general, the kidneys of the 
deficient animals were not greatly enlarged. The kidneys of animals in 
a more advanced stage of magnesium deficiency were heavier in terms of 
unit of body-weight than were those of the control animals. However, 
since the deficient animals became emaciated and retarded in growth, 
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Fig. 1. Photomicrographs illustrating ne 
nesium deficiency. (Reproduced one-half original 
A. Microscopie seetion of kidney of contro 
eosin stain 
B. Microscopic section of kidney of deficient 
eosin stain The dark staining areas are caleareous casts 


( Von WKossa stained section of kidney of deficient anit 
illustrates the extensive calcareous deposits, which are 
region following prolonged magnesium deprivation 

Micro-incinerated section of the kidney of deficit 
shows the mineral matter of the large caleified areas left after ine 


kK. This photomicrograph gives proof of the caleareous na e Casts ob 


served in the kidneys of magnesium deficient animals (avpsum Vstuls were formed 


when dilute sulfuric acid was added to the incinerated section 
shown in the photograph 


TABLE 
Comparison ot th maqnes 


ONTROL 


POTAL VOLUME OF URINE 


Volume 
Albumin 
pH 


Total protein 380.0) Total protein N 1010.0 mgm. for 
mgm. for the 6 day ex- the 6 day experimental period 
perimental period 


The experiment was carried out on groups of 3 animals of 65 grams starting weight 
which had been maintained for 2 weeks prior on a diet of 1.5 mgm. of magnesium per 
100 grams food. 


it is questionable as to whether the greater weight represented hyper- 
trophy of the kidney. 


As the deficiency was prolonged, there was an increased excretion of 
protein in the urine, and a further increase in urinary volume. The 


4127 
A 
OF He t viln and 
21.1 M1 OTAL VOLUME © RING 49.9 
I) 
1 2 4 5 
3.3 2.0) 1.5 4.4) &.7| 4.2, 9.9 7.57.8 85 | 12.0) 4.5 
8.2 8.2) 8.1) 7.38) 7:2) 629 8:9 s.4 8.3 
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figures given in table 1 were obtained for urine collected over a period ot 
six days from three control and three deficient animals. 

The content of protein in the blood serum began to fall off with the 
beginning of the second phase of deficiency. As early as the thirtieth day, 
rats fed on a diet containing 2.0 mgm. per cent of magnesium began to 
show serum protein values just below the normal range (varying from 
5.1 to 6.0 per cent). As the second phase of deficiency progressed, the 
protein, content of the blood serum continued to fall, reaching levels con- 
siderabiy below the normal range. The average final value obtained for 
these rats was 4.9 per cent, with a range of 3.3 to 6.0 per cent. When 
the rats had been on the diet for eighty-one days, a total blood serum 
protein of 4.25 per cent, with an albunin value of 2.25 per cent was ob- 
served. The incidence of low protein in the blood serum was associated 
with the appearance of edema, and it is reasonable to suppose that the 
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Fig. 2. Variation in the serum protein level with time during magnesium depletion 
of rats on a diet of 2.0 mgm. of magnesium per 100 grams of food. The serum protein 
range of normal control animals is indicated in the cross hatched section 


edema developed as the result of protein depletion. Results of serum 
protein determinations on these animals are presented) graphically in 
figure 2. 

Discussion. Extensive renal damage was observed in rats kept on 
a diet containing 2.0 mgm. per cent magnesium for fifteen weeks, and like- 
wise In rats kept on a high ealeium diet (1.16 per cent of calcium), contain- 
ing 5.0 mgm. per cent of magnesium. Severe renal damage was observed 
in rats fed a diet containing 1.0 mgm. per cent of magnesium and kept 
alive for six weeks by occasional injections of smaller amounts of mag- 
nesium sulfate. Rats fed diets containing less than 1.0 mgm. per cent 
magnesium usually lived only twenty-five to thirty days; in these animals, 
renal damage was observed in a smaller number of cases and ina less severe 
form than in animals given a somewhat larger allowance of magnesium 
and who therefore lived a longer period of time. When the diet contained 
5.0 mgm. of magnesium per 100 grams of food with a moderate calcium 
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content (0.87 per cent calcium), the pathologic cl 
kidneys were similar to those nected during the early } 
deficiency. It is possible, however, that a longer period 
with a diet slightly deficient in magnesium would produ: 
changes in the kidney. 

Whereas hyperexcitability is a symptom of acute magnesiun 
the type of renal damage observed is the result of chronic 


i 


deficiency. It is not certain what part the nephrosis-like condition 


attendant loss of protein plays in the production of the deg 


nutrition characteristic of the later stages of deficiency. In the early 


stage of the second phase of magnesium deficiency, anorexia is responsibl: 
for the malnutrition; as magnesium deficiency continues, the kidney 
becomes progressively damaged, and there is loss of protein in the urine 
with subsequent diminution of blood serum protein. This accentuates 


TABLE 2 
Showing calcium accumulation in the kidney in magnesium deficiency 


CONTROL GROUP DEFICIENCY GROUP 
NUMBER OF CALCIUM IN FRESH KIDNEY NUMBER OF (CALCIUM IN FRESH KIDNEY 
ANIMALS ANIMALS 


Range Mean Range 


mgm. per cent mgm, per cent mgr 


17 6.9-12.4 9.4 


the picture of malnutrition, and edema develops. The final stages of 
cachexia and edema are therefore due to the pathologic changes induced 
in the kidney. 

The phosphate content of the diet can hardly be a factor in our experi- 
mental results since the total phosphorus in the diets employed varied from 
0.45 to 0.8 per cent. The renal damage in deficient animals appeared to 
be independent of the amount of phosphorus in the diet; and the kidneys 
of the control animals were normal regardless of the content of phosphorus 
in the diet.4 

In view of the evidence obtained by special staining of the sections 
of kidney for caleareous deposits and the increased calcium content. of 
this organ (table 2), it appears that calcification played an important part 
in the degeneration of the kidneys although it may have been preceded 


4In experiments carried out with a magnesium deficient diet relatively high in 
calcium (1.66 per cent) kidney damage of a milder degree than in the deficients was 
observed in the control animals. Since this diet contains 1.0 per cent phosphorus, 
which is a level at which MacKay and Oliver obtained renal damage, it is uncertain 
whether the high calcium or phosphorus content of the diet is at fault in this respect 
Experiments are now under way to determine whether high calcium diets, per se, are 
nephropathic. 


$24 
iff! 
Mean 
percent mgm. per cent 
22 18 5-232 141 
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by other degenerative changes. It has been shown that solutions low 
in magnesium favor the “in vitro” calcification of bone and that mag- 
nesium acts in some specific manner to increase the solubility of calcium 
salts (6), (7). The calcification taking place in the kidney can be partially 
explained by this effect. However, the actual mechanism of this solu- 
bility-effect is not known, and it seems very likely that local factors such 
as tissue damage also contributed to the calcification taking place in the 
kidneys of magnesium deficient rats. 


We are indebted to Dr. Isabelle H. Perry for valuable assistance in the 
course of this work. 


SUMMARY 


1. Prolonged deprivation of magnesium eventually produces pathologic 
degeneration in the kidneys which, in certain respects, is similar to that 
found in nephrosis. 

2. There is an increase in volume of urine and in excretion of protein, 
but no blood or casts are present in the urine. 

3. The blood serum protein content undergoes a progressive diminution, 
finally reaching levels at which edema develops. 

4. The pathologic changes in the kidney include calcification in the 


cortico-medullary zone, in the pyramids, and at a later stage in the cortex. 
In the earlier stages, degenerative changes in the tubules are a more 
constant finding than is calcification. 
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While experimenting with spinal root preparations of the bullfrog it 
was found that during the passage of a constant current a repetitive re- 
sponse was obtained more commonly from the sensory than from the 
motor fibers. The present paper presents evidence indicating that this 
difference is characteristic, and also experiments having as their end 
attempts to disclose other differences between motor and sensory fibers, 
in particular such as might prove to be of interest relative to the difference 
in repetitiousness. 

PREPARATION AND METHODS IN GENERAL. The root pairs (usually the 
VIlIth or IXth, the VIIth occasionally), together with the trunk formed 
by their union, were studied either immediately upon removal or after 
refrigeration in Ringer’s solution. In the refrigerator irritability was 
retained for as long as two weeks, and responses to all appearances con- 
tinued normal. The preparations were suspended vertically in the moist 
chamber, under the tension of their own weight, from threads tied to the 
root ends. The roots deviated from the vertical only by enough to keep 
them apart on their respective electrodes. The positions of all supports 
and electrodes were adjustable from without the moist chamber. The 
electrodes were of silver excepting when used to convey constant current; 
then in most of the experiments calomel half-cells were employed. except 
where otherwise stated, stimuli were break shocks from coreless Porter 
coils. The methods of expressing shock and constant current strengths 
are those described in previous publications (Erlanger and Blair, 1936; 
Erlanger and Gasser, 1937). There will be found also descriptions of our 
amplifying and recording techniques. 

The root preparation is peculiarly suited to a comparative study of the 
properties of motor and sensory fibers, since in the trunk the two kinds of 
fibers are exposed to the same conditions, while from the roots their con- 
ducted responses can be recorded separately. A comparison can also be 


1 This investigation was aided by a grant from the Rockefeller Foundation to 
Washington University for research in science. 
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made through stimulation of the roots individually while leading from 
the trunk, though not so unequivocally, since with this arrangement thx 
results are conditioned by any differences there may be in electrode con- 
tacts and in the diameters of the two roots. Electrode positions were read 
by means of a cathetometer. Stimulation was taken to occur at the edge 
of the cathode proximal to the anode; and an action potential coursing 
along the preparation was taken to record as it leaves the grounded lead 
on its way to the grid lead on the killed end. 

In interpreting the data derived from this preparation certain structural 
features must be taken into consideration. The roots are devoid of epi- 
neurium. The epineurium of the trunk is continuous with the dura mater 
in the region of the ganglion (Tarlov, 1937), and to remove the preparation 
the adherent dura must be cut away from the ganglion. Occasionally in 
this process the latter is nicked slightly by the scissors. The motor root 
joins the sensory either at the ganglion or just distal to it; in the absence 
of definite information, it is assumed that the motor and sensory fibers 
are uniformly mixed in the trunk 5 mm. beyond the ganglion. Excepting 
the dorsal ramus, which is given off at the peripheral edge of the ganglion, 
and the rami communicantes, which arise from the middle section of the 
trunk, these preparations are essentially branchless. However, it must 
be borne in mind that where these branches have been cut, andalso in the 
vicinity of the injured ends of the preparation, demarcation currents can 
develop which could modify induced responses. 

Resutts. Motor and sensory rheobases along the preparation. In the 
course of these experiments considerable information has been acquired 
regarding the constant current excitability of the motor and of the sensory 
fibers along the length of these preparations. This mapping of constant 
current excitability (and also of repetitiousness) is accomplished through 
a pair of calomel half-cells held rigidly, at a fixed separation, in selected 
positions along the preparation. While the stimulating voltage is rela- 
tively independent of the nerve circuit, no attempt has been made to 
control the effect of differences in nerve resistance as the position of the 
electrode pair is changed. In many of the experiments the plan followed 
has been to obtain readings from one point on each of the roots at cor- 
responding positions well away from the killed ends, and, from the trunk, 
at a number of positions including the region of the ganglion. Often in 
such experiments the location of the stimulating cathode was read with 
reference to the center of the ganglion. These values have been included 
in table 1. 

Threshold readings depend to some extent on the amount of amplifica- 
tion employed. They may be decidedly lower when the amplification is 
sufficient to bring out single axon spikes than with the amplification re- 
duced so that the full multifiber action potential is framed by the screen 
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TABLE 1 


Locus RHEOBASE REPETITION THRESHOLD 


Dist. 
trom 
Gn. 


M 


NUMBER 


relative voltage 
240 1000+ 
174 630 
55 400 
200 260 
70, 145 
230 480 


380 
165 
580 
570 
270 
130 
620 
560 
375 
130 

54 

62 

50 

50 


100 


600 
400 


450 1000+ 
160 690 
515 $860 
160 1000+ 
480 1000+ 
110. 590 
410 800 
460 1000+ 
460 1000+ 
135 1000+ 
175 
190 
250 
205 


255 


650 
930 
Tl ) 
300 
720 


960 


380 

90 
100 
114 
104 
410 


86 
138 


73 


SU 


245 
245 12 
1000+ 17.: 
1000+ 20 
38 
14 
9! 
12 


15 


82 1000+ 
73 1000+ 
54 1000+ 
55 1000+ 


Tr 
Tr. 
Tr 
Rt 
Tr. 
09: 
Tr. 1.86 
Tr. |2.46 


58 
50 
26 
70 
105 
SO 
66 


23 1000+ 
65 1000+ 
73: 1000+ 
44 1000+ 
63 1000+ 


5S 
155 
148 
190 
238 


$3 
32 
78 


* The preparations are numbered consecutivels 


SENSORY 


Stimulation a 


Cathode on Gn 


S rep. much better 
Distal. No 


Middle. S repeats, not 


thar 
rep 


Distal 
Middle 


Distal 
Middle 


S rep. poor 


Middle 
Distal 


Better S rep., large fibers 
M small fibers 


in chronological order. The 


abbreviations Gn., Rt., Tr., Se., M., 8. and rep. signify ganglion, root, trunk, sciatic, 


motor, sensory and repetition. The values in a line 


ings made with a setting of the potential divider; the 


The figure 1000+ signifies that it was not 
voltage supplied the potential divider, to attain the 


selves. 


cated by a plus sign 


and those in a brace are read- 


Vv are comparable among them 


possible with the particular 


» voltage required to stimulate 
Values derived from 1000+ are too small by an unknow1 


amount, and this is indi- 


* 
REMAKES 
Gn. 240 $80 4.17+ 2.00 cross G1 
Gn. 150 215 4.20 1.24 MS anode on I 
tr 51 102 7.53 1.85 
187 225 1.37 1.12 
Rt. 67 150 2.16 2.14 
3; Rt. 65 365 7.40 1.59 \I 
4 | 
Tr. 
Gn. 1.33 
Rt. 4.18 2.50 
5 | Tr. 1.48 1.26 
at. 1.75+)| 2.02 
Gn 3.70+ 1.56 
Rt $.53 
6 | Tr. 1.29 1.76 
af. 1.79+ 2.09 
Gn. 2.67+ 
Rt 7.70+-| 2.81 
7 | a8. 3.24 1.80 
Tr. 3.07 1.82 
Gn 5.04 1.33 
Gn 4.10 
8|Tr. 0.30 0+ 2.99 
= 0+ 3.27 
25+ 18.504+ 
18. 204+ 
9 + 2.52 
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TABLE Concluded 


LOCUS RHEOBASE REPETITION THRESHOLD 


Dist. REMARKS 


from M 8 M 8 M 
Gn, 


NUMBER 


relative voltage rheobases 
50) 187 33.90 3.11 
53) 236 | 118 | 3.87 | 2.23 
62} 160 | 270 | 2.22 | 4.35 
1000+ 1000+ 10.304 11.62 
94 58 | 2.19 1.38 | Good § rep., little M 
90 1.25 .56 | S rep. much better than M 
41 
37 M rep. slight, S good 
.42 | M rep. poor 
.66 | Low ampl. 
.14 | High ampl. 
.67 | At 200S rep. better than M 
34 


290 
115 
56, 220 
170 
120 
260 
430 


Ist fiber. Max. S rep. 
slightly better than M 
2nd fiber. Max. S rep. 
slightly better than M 
Ist fiber another locus. 
Max.S rep. slightly better 

than M 
267; 392 | 447 
200 1000+, 350 
195; 325 | 294 
121; 317 175 
143, 790 304 


Low ampl. 
High ampl. 
Max. rep. much greater in S 
High ampl. At rep. thresh. 

M fibers small, S largest 
S repeats, not M 

900 | 610 | S repeats slightly, not M 

155) 4385 | 240 .5E S rep. good, M slight 
175 450 2.2 Sheath of trunk open 
190 1000+ 


on 


or 


High ampl., no rep. 

164,1000+) 200 10. High ampl., S repeats 

200| 400 | 236 | 1.7! .18 | High ampl. 

204 

286 6 450 Most irritable fiber 

92 104 a Most irritable S fiber re- 
peats 

133 S rep. better than M 

105 Small M fibers, rep. poor, 
large S fibers rep. splendid 

150 : yf Small M fibers and large S 
fibers rep., both poorly 


434 
| 
10 | Tr. |0.67 18 
Tr. {1.33} 61 
Tr. |2.44 72 
Tr. 3.36 97 
11 | Tr. 13 
12 Tr. 
13 | Tr. 190 
Te. 77 
19 
Rt. 
Rt. 78 
173 
15 | Se. 335 
Se. 385 
Sc. 323 
a: 302 
16 | Rt. 200 
Rt. || 175 
200 
| T¥. 242 
18 | Tr. 
Rt. 
19 | Tr. 200 
2 | Tr. 
Rt. 
21 | Rt. 
Tr. 97 
22 | Tr. 225 
352 
241 Tr. 104 
25 | Tr. 112 
26 | Tr. 121 
a7 Te. 173 
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of the electron oscillograph. Usually the relative excitabilities of the 
motor and sensory fibers have been the same at the different amplifications 
Occasionally, however, there have been wide differences due to the presence 
of one fiber, or of a few fibers, of outstanding excitability whose s} 

not contribute appreciably to the picture produced at the lower amplifica- 
tion. An illustrative set of observations will be found under 16 in table 1 
There with the low amplification the motor and sensory rheobases wert 
both 200;? with high amplification they were, respectively, 175 and 195 
increasing the amplification lowered the reading of the motor rheobase 
12.5 per cent, that of the sensory rheobase only 2.5 per cent, and this is by 
no means the widest shift that has been seen. 

The gross differences that have been observed between the rheobases in 
the different positions along a preparation are attributable largely to 
gross anatomical features. The voltages required to stimulate the roots 
always are relatively low (see table 1) due, probably wholly, to the absence 
from the roots of an epineurial covering. The average motor rheobase in 
twelve preparations was 117, the sensory rheobase 134. In six instances 
the motor rheobases were the higher and in one instance the two rheobases 
were essentially the same. The distribution around the mode, therefore, 
is nearly even. Included in this group, however, is one case (3, table 1 
in which the sensory rheobase was greatly in excess of the motor rheobase. 
This was so exceptionally large that for statistical purposes it seems justi- 
fiable to exclude it. When this is done the averages become almost alike, 

121 for the motor fibers and 125 for the sensory. However, the root 
thresholds, as measured, are, as has been said, qualified to an unknown 
extent by possible differences in the relative sizes of the roots and in the 
contacts between electrodes and roots. 

On the trunk just beyond the ganglion the motor threshold usually is 
the lower (see fig. 1 and table 1), probably because here the motor fibers 
are the more accessible to the current. This difference becomes even more 
striking when the motor and sensory thresholds are determined with the 
cathode on the ganglion. The motor and sensory thresholds in these 
particular regions are of no value from the comparative standpoint. Fur- 
ther along on the trunk where the two kinds of fibers presumably are 
uniformly intermingled and ensheathed in the epineurium all of these 
conditions qualifying comparison should disappear. There the thresholds, 
both motor and sensory, are generally high relative to those of the root, 
and the motor threshold is higher than the sensory. To be specific, the 
motor rheobase has been higher than the sensory in thirty of thirty-six 
comparisons. The averages of all of the motor and sensory rheobases are 
to each other as 120 is to 100, and this difference is, if anything, too small 

? Throughout this paper rheobases are expressed in terms of relative voltage, and 


only those values are comparable that apply to the immediate context (see footnote 
to table 1). 
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since any determinations derived perchance from the regions contiguous 
to the ganglion, where the threshold curves are crossing (see fig. 1), would 
raise the average of the sensory rheobase above its correct value. 

Curiously enough the ratio of the motor to the sensory rheobase, as may 
be seen in the table, is by no means the same either quantitatively or even 
directionally at different, though presumably comparable, points on one 
and the same trunk. No reasonable explanation of these differences has 
occurred to us. Granting even that there are local demarcation currents 
which modify excitability locally it is difficult to see how they could affect 
motor and sensory fibers differently unless the two kinds of fibers react 
differently to them or unless the motor and sensory fibers course in separate 
bundles which are unequally exposed to such demarcation currents and to 
the stimulating currents. 


<— CRUSHED END> 
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Fig. 1 Fig. 2 

Fig. 1. Rheobasic voltage (arbitrary units) along a root-trunk preparation. Zero 
of distance is the center of the ganglion. The roots are to the left, the trunk to the 
right. 

Fig. 2. Records of multifiber spikes showing the comparative repetitiousness of 
motor (upper) and sensory (lower) fibers. The motor spike exceeds in height the 
limits of the screen and, because of high vertical speed, it records only close to the 
base line. Sensory alpha, even when maximum, F, never exceeds screen limits. 
Amplification same for all. Time = 1kilocycle. Unretouched. Natural size. 


As a measure of the comparative repetitiousness of motor and sensory fibers 
or of any one kind of fiber at different localities, the threshold of repetition 
is valid only when the rheobases are alike. On the other hand the repeti- 
tion threshold in terms of rheobases, the “‘relative repetition threshold”’, 
should be a valid comparative measure of repetitiousness under any con- 
ditions. However, under conditions apparently quite comparable, the 
number and the sizes of the fibers (as judged by axon spike height) that 
can be made to repeat has varied very widely not only with the preparation 
but also from point to point in the same preparation, an experience which 
confirms observations on the plantar preparation (Erlanger and Blair, 
1936). Consequently the information yielded by either of the above- 
mentioned gauges of repetitiousness requires statistical treatment. As a 
third measure of repetitiousness there is the maximum amount of repeti- 
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tion, as given by area, elicitable under comparabl 
method is regarded as entirely satisfactory when due consider 


of the relative fiber constitution of the two contributions. It h 


necessary actually to measure the areas, since the differences ordi 
have been so great that inspection of the tracings on the screen, o1 
photographs, has sufficed for a decision (see fig. 2). It must be bor 
mind here that the repetition induced by a constant current does 
increase to a constant value with the current strength; instead it 
through a maximum which is attained usually at from 3 to 4 

(Erlanger and Blair, 1936). To supplement the data in table 1 it should 
be added that the repetition maximum yielded by the sensory fibers has 
been so regularly larger than that yielded by the motor, that it has been 
convenient to include under ‘‘Remarks” only notes on unusual results, 
such as equality of motor and sensory repetition, unusually small or un- 
usually large differences between the motor and sensory repetition max- 
ima, et cetera. 

Table 1 includes eleven comparable determinations of the repetition 
threshold in the roots. In seven of these cases it was lower in the sensory 
root than in the motor; in two the roots had the same threshold; in one 
case neither root repeated; and in one the repetition threshold was higher 
in the sensory root. 

Data on the relative repetition threshold (the repetition threshold in terms 
of the rheobase) in the roots are found in eight experiments. In five this 
value is higher in the motor root than in the sensory; in one case it is the 
same for both roots; and in two (nos. 7 and 14) the motor root ratio 
is smaller than that of the sensory, though in one of these only 
slightly so. 

The repetition maximum, where repetition has been attainable at all, has 
been greater in the sensory root than in the motor in every instance save 
one, namely, experiment 7 of table 1, in which the note was made that the 
repetitiousness of the two kinds of fibers was about the same. This is 
the one case, referred to in the previous paragraph, in which the repetition 
threshold was decidedly higher for the sensory than for the motor fibers. 
In the other instance with this relation of these thresholds (14, table 1) 
it was noted that with stronger currents the sensory fibers repeated better 
than the motor. Statistically, therefore, the observations signify defi- 
nitely that the sensory roots contain fibers that repeat more readily than 
any of the fibers in the motor roots. It should be added, though, that the 
difference in the motor and sensory maximum of repetition has never 
been as great in the roots as in the trunk. 

Repetition thresholds in. the trunk can be of significance from a comparative 
standpoint only when derived from regions that are uniformly constituted. 
Therefore, of the data contained in table 1, only such will be considered 
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under this rubric as are known, or are believed, to have been derived from 
points 5 mm. or more from the ganglion. Thirty-one pairs of observations 
on eighteen preparations meet this condition. The strongest current 
needed to elicit repetition, where repetition was elicitable at all, was, with 
one exception (and this was 7.5 rheobases), in the vicinity of 4 rheobases. 
Therefore, where the drop across the potential divider sufficed to permit 
of the quadrupling of the rheobase and that increase failed to elicit repeti- 
tion, it is assumed, somewhat arbitrarily, to be sure, that the fibers would 
not have repeated with any strength. This obtained eight times with 
motor fibers and three times with sensory. All three of the latter were in 
preparations of which neither the motor nor the sensory fibers could be 
made to repeat. 

It has been possible to compare repetition thresholds of the motor and 
sensory fibers in twenty-nine of the locations on the trunk. In these 
the sensory repetition threshold was lower than the motor in twenty-seven 
instances. This series includes five preparations of which the most ir- 
ritable motor fiber and the most irritable sensory fiber were under observa- 
tion. It may be of interest to note that of the two exceptions to the rule 
just mentioned one was in this single fiber group. 

Since there is the possibility that even in the trunk the two kinds of 
fibers may not be equally exposed to the stimulating current, a safer com- 
parison is one based on the current needed to stimulate in terms of the 
rheobase. Information required for this comparison has been derived 
from twenty-six loci. In nineteen the sensory threshold thus expressed 
was the smaller of the two. The series includes all five of the single fiber 
observations mentioned above; and of these the sensory threshold was 
the smaller in only two. This last result is probably an expression of the 
fact, mentioned above, that repetitiousness is in part a matter of fiber 
individuality. Therefore, of the two methods, the one that is based on 
the behavior of a number of fibers should be the better index to compara- 
tive repetitiousness. 

As in the case of the roots so in the trunk, if repetition was elicitable at 
all, the area of the maximum of the repetition obtainable from the sensory 
fibers has been either greater than that from motor fibers or, in the few 
instances in which this did not obtain, the two areas have been approx- 
imately alike. Figure 2 illustrates a typical case. The rheobase, the 
repetition threshold and the relative repetition threshold of the motor 
fibers here were, respectively, 190, 290 and 1.53, of the sensory fibers, 160, 
212 and 1.37. Records A, B and C are the responses obtained at, respec- 
tively, a subrepetition strength of the constant current (at 260), at the 
repetition threshold (290) and at about the repetition maximum (700) of 
the motor fibers; and records D, EF and F are the responses at corresponding 
situations for the sensory fibers, D at a strength of 200, FE at 212 and F 
at 650. 
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The question arises here, is the difference in the motor and sensory 
tiousness referable to differences in the sizes of motor and sensory fibers? | 
there among the sensory fibers a predominating size more prone to repe 
than any other? In the roots the largest medullated fibers of both ki 
are essentially alike in size and so too are the smallest (Gasser and Erlanger 
1927). In the different roots, however, there may be considerable varia- 
tions in the frequency distribution of the fiber sizes (Taira, 1934, 1935), 
and there are no reasons for believing that this relation is greatly different 
in the trunk. The greater repetitiousness of the sensory fibers cannot by 
attributed to a predominance of small fibers, since it is easy to show that 
at the repetition threshold of the sensory fibers, it is the large fibers (judg- 
ing by spike height) that are repeating. Indeed, in more than one instance 
(though by no means regularly) it has been found that the height of the 
spike of the sensory fiber repeating at the repetition threshold was the 
same as that of the fiber with the lowest rheobase: the largest fiber was 
repeating. Moreover, it has happened in a preparation in which the larg: 
sensory fibers were repeating, that at the very much higher repetition 
threshold of the motor fibers smaller motor fibers were the ones that 
were repeating. 

The experiment and records (fig. 2) described above can be used to 
demonstrate that the greater repetitiousness of the sensory fibers is not 
attributable to a preponderance of small fibers on the sensory side. The 
repetition, both motor and sensory, begins there long before the alpha 
spikes attain their maximum heights and before, on the sensory side, the 
stimulus reaches the beta threshold. To be specific, the first evidence of 
motor repetition appears when alpha has attained 75 per cent of its max- 
imum amplitude; and the first evidence of sensory repetition develops as 
the sensory alpha attains about 36 per cent of its height. 

This question of fiber size in relation to repetitiousness has been gone 
into rather thoroughly and, without presenting any more of the evidence 
that has been accumulated, it may be stated that we have satisfied our- 
selves that a characteristic difference in the sizes of sensory and motor 
fibers is not the factor that is responsible for the difference in motor and 
sensory repetitiousness. 

Comparative repetitiousness of root and trunk fibers. ‘The fibers of the 
roots repeat much less readily and much less perfectly than do those of 
the trunk. In six pertinent observations on motor fibers the relative 
repetition threshold of the root fibers was higher than that of the trunk 
fibers in five; in one instance the situation was reversed. In eight pertinent 
observations on sensory fibers the rule held in seven; in the remaining case 
the figures from several points on the trunk ranged around the one derived 
from the root. Moreover, for any one set of fibers the repetition max- 
imum, when repetition was obtainable, has without exception been greater 
in the trunk than in the root. 


440 JOSEPH ERLANGER AND E. A. BLAIR 


This difference between root and trunk recalls observations on the com- 
parative repetitiousness of the sheathed and the desheathed phrenic nerve ; 
—the fibers in the former are much more apt to repeat than are those in 
the desheathed nerve (Adrian, 1930; Erlanger and Blair, 1936). With a 
view to ascertaining whether the sheath is a factor in the present case the 
following experiment has been performed. A preparation was selected in 
which the motor root joined the trunk just beyond the ganglion, as it 
occasionally does. While drawing the roots apart, the separation was 
extended with scissors 3.5 mm. along the trunk beyond the edge of the 
ganglion. A pair of electrodes, for constant current stimulation, was 
applied with a terminal 3 mm. to either side of the ganglion. When the 
cathode was on the trunk side the record was taken from the trunk, and 
when it was on the sensory root the record was taken from that root. The 
rheobases of the central and peripheral extensions from the sensory gan- 
glion determined in this way were, respectively, 190 and 175 (table 1, 20). 
The repetition threshold of the peripheral extension (the trunk fibers) 
was 450, while the central extension (the root fibers) could not be made to 
repeat. The corresponding relative repetition thresholds were 2.57 and 
5.26+. The result is the one given by normal preparations. Opening 
the sheath of the trunk, then, does not alter the repetitiousness of the 
sensory fibers. The experiment, however, may not be crucial since the 
operation does not completely remove the sheath, and undoubtedly 
damages some of the fibers. 

Accommodation. Since, under a constant current, sensory fibers repeat 
more readily than motor fibers it is to be expected that during the passage 
of a subthreshold constant current sensory fibers accommodate less than 
do motor fibers. This is the case. 

During the passage of a constant current, as is well known, the threshold 
at the cathode falls to a level which usually is ended abruptly, after about 
1 to 2 msec., by a rise in threshold (accommodation) which approaches 
asymptotically the steady elevated value that is maintained by the con- 
tinuing polarization (Erlanger and Blair, 1931, 1936). The amount of 
accommodation is expressed by the ratio of the threshold obtaining when 
the rise during polarization attains its asymptote, to the threshold of the 
unpolarized fibers. When a comparison is to be made between the grades 
of accommodation developed in different preparations or in different fiber 
groups of the same preparation, the polarizing currents employed should 
be proportional to the respective rheobases, and this precaution has been 
observed. The polarizing current employed in the present experiments 
has been SO per cent of the rheobase and the shocks determining the 
amount of accommodation have been administered 10 msec. after the 
make of the constant current. 

The results obtained from two preparations are given in table 2 along 


with other data. There it can be seen that in both cases the aceommoda- 
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tion ratios are smaller for the sensory than for the motor fibers. Thy 
data on the repetitiousness of the fibers of these preparations will be found 
in table 1 as numbers 26 and 27: as usual, the sensory fibers were mor 
repetitious than the motor. 

Demarcation potentials. In the effort to find differences between motor 
and sensory fibers which might correlate with the difference in their repeti- 
tiousness, their demarcation potentials have been measured. This has 
been done under exactly comparable conditions. The apparatus employed 
has been a Leeds and Northrup potentiometer, type K, in conjunction with 
a type HS Leeds and Northrup galvanometer with sensitivity of approx- 
imately 1 X 10~° ampere, permitting readings easily within 0.05 mv. 
The electrodes were calomel half-cells. The potential difference between 


TABLE 2 
EXPERIMENT 26 EXPERIMENT 27 
M 


Rheobase, relative voltage 1000 

Shock excitability, primary ohms 1720 

Shock threshold, relative voltage 58 
Rheobase 

Shock threshold 

Shock excitability in plateau, primary ohms. 2180 2310 3300 

Shock threshold in plateau, relative voltage 45.9 13.3 

Shock excitability, polarized* 10 msec., 


17 


primary ohms 1682 1900 
Shock threshold, polarized 10 msec., relative 
voltage 59.5 52.6 


Thres. polarized ) 


= 0.684 0.634 
rhres. unpolarized 


Accommodation ratio( 


* The polarizing current was 80 per cent of the threshold 


the electrode pairs, never exceeding 1 mv., was steady and was deducted 
from the readings. Killing was accomplished by heating with either a 
tetanizing current or Ringer’s solution. The results obtained were not 
perceptibly influenced by the method of killing employed. In one set of 
experiments the central ends of the roots were killed and the leads weré 
from one or the other killed end and from the intact trunk distal to the 
ganglion. In another set (see fig. 3, B) the common lead was from the 
union of the two roots, which was killed together with the ganglion, while 
the other two leads were one from each of the roots about midway between 
their cut ends and the killed region in the vicinity of the ganglion. The 
latter series included readings of the potential difference between the two 
roots. It should be added that the potential difference between the roots 
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before killing was insignificant. All the readings were made without 
moving the electrodes. 

The results were all qualitatively alike (see fig. 3, A). The motor root 
demarcation potential invariably is higher than that of the sensory root. 
In the eight preparations examined the difference immediately after killing 
ranged between 3 and 13 mv., with an average of 6.3. This wide spread 
of the difference between the motor and sensory demarcation potentials 
in different preparations is not referable to differences in the thoroughness 
of the killing, since both methods gave equally wide ranges; and when the 
trunk ends of the roots are killed the sensory and motor fibers obviously 
receive similar treatment. Neither does it correlate with root diameters. 
The potential difference between the two electrodes resting on intact 
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Fig. 3. A. Motor (squares) and sensory (circles) demarcation potentials. Tri- 
angles: motor to sensory demarcation potentials. Time in hours. B and C. 
Diagrams illustrating arrangement of leads, and a possible explanation of the results 
obtained. Killed region is cross-hatched. 


surfaces, one on the motor root, the other on the sensory, was always equal 
to the difference between the two demarcation potentials (see fig. 3, A). 

Diagrams (fig. 3, B and C) will help to visualize the results obtained with 
the arrangement in which the union of the roots was killed. Starting 
with the premise that the potential drop between the intact surface of 
either root and the killed root junction is 30 mv., as indicated in diagram B, 
the drop between the two roots obviously would be zero. If, however, as 
indicated in C, there were a 25 mv. drop between sensory root and killed 
region, 230 mv. drop between motor root and killed region and a 5 mv. drop 
from the sensory to the motor root, the situation might be referable either 
to a potential difference inherent in the roots or to inert shunting material 
greater in amount in the sensory than in the motor root, as shown in C. 
Now if the latter were the case, while all other relevant conditions in the 
two roots were the same, the constant current threshold of the sensory 


® ® 
a 


REPETITIOUSNESS OF MOTOR AND SENSORY FIBERS $45 


root would be higher than that of the motor root, but as has been 
there is little if any difference between the roots in this respect; and in thi 
trunk, if trunk values are relevant here, the sensory rheobase is very mu 
lower than the motor. It would appear, therefore, that the results ob- 
tained are referable only to an inherent difference between the demareatior 
potentials of the motor and sensory fibers. 

Such a difference in demarcation potentials might be related to th 
greater repetitiousness of the sensory fibers either as effect or as cause 
Thus the potential difference between the two roots would be accounted 
for if the sensory fibers were firing off spontaneously and the motor fibers 
not. There is, however, no spontaneous activity to be seen in either kind 
of fiber under resting conditions. On the other hand, if the difference in 
demarcation potentials were an expression of a difference, say, in the 
thickness of a hypothetical membrane, that of sensory fibers being the 
thinner, it is obvious that under the influence of a constant current the 
sensory fibers would be more repetitious than the motor. 

The temporal configurations of the curves of the demarcation potentials 
vary somewhat from preparation to preparation. Generally the motor 
injury potential, starting at, say, 30 mv. increases for about 15 minutes to 
reach, say, 33 to 35 mv. before beginning to decline. Occasionally, how- 
ever, it has fallen from the start, and then this initial fall has been slower 
than the contemporaneous fall occurring in the sensory root. The sensory 
demarcation potential may also rise initially but then the rise is relatively 
slight. Usually, however, the sensory demarcation potential falls from 
the start. Eventually, it may be after two hours or longer, the two curves, 
while falling, begin to approach each other. One preparation has been 
followed through 17 hours. At the end of that period the sensory injury 
potential was 0, the motor 3.5 mv. The initial difference had been 6 mv. 

Strength-duration relationships. Another difference between motor and 
sensory fibers that has been encountered concerns their thresholds to 
currents of long and of short duration. The phenomenon came to light 
in an experiment in which the rheobasic voltages of the most irritable 
motor fiber and the most irritable sensory fiber of a preparation had been 
determined, and then their excitabilities in terms of threshold induction 
shocks. The stimulating electrodes were on the trunk and the responses 
were being led separately from the motor and sensory roots. ‘The rheobase 
of the sensory fiber was lower than that of the motor, but the shock thres- 
hold of the sensory fiber was the higher of the two. In another instance 
(table 1, 23) the reciprocals of the primary resistances (the relative primary 
voltages) when the shocks were threshold for the most irritable motor and 
most irritable sensory fibers, were, respectively, 8.00 and 7.94; essentially 
they were the same. The rheobases of these two fibers were, respectively, 
352 and 286: the sensory fiber, by the latter test, was 23.1 per cent more 
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irritable than the motor. Two additional instances are shown in table 2. 
where it is seen in each case that the ratio of rheobase to shock threshold 
is larger for the motor fiber than for the sensory fiber. In figure 4 are 
reproduced complete strength-duration curves derived from two fibers in 
another preparation. The motor and sensory curves here actually cross, 
the threshold of the sensory fiber being the lower at long durations and the 
higher at short durations. The shift, to be sure, is small, but it was readily 
demonstrable. The sensory chronaxie here is 0.19 msec., the motor 0.16 

In this connection it may be recalled that strength-duration curves of 
sensory fibers of different velocities differ in configuration in such a manner 
that as the conduction rates of the fibers slow their chronaxies at first 
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Fig. 4. Strength-duration curves of the most irritable motor fiber (triangles) and 
the most irritable sensory fiber (circles) of a preparation. 


shorten and then lengthen (Blair and Erlanger, 1933). In that investiga- 
tion we did not encounter crossing of curves, though we did not “expressly 
say that crossing of fiber curves is not seen.’ Crossing of strength- 
duration curves has, however, been described by others, most recently by 
Schaefer (1936,—where the literature will be found), who maintains that 
diminution in chronaxie with fiber size and crossing of curves are necessary 
consequences of the local potential (Spannungs) theory of electrical stimu- 
lation of nerve. Schaefer, however, used constant potential height of 
multifiber responses as the criterion of constant stimulation strength, and 
this method is not wholly valid since the briefer the threshold current the 
less is the temporal dispersion of the axon spikes elicited, and, therefore, 


3 The quotation is a translation from Schaefer (1936), who imputes this statement 
to us. 
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the more complete their summation. Under the circumstances, however 
the question as to whether there is a characteristic difference between 
the strength-duration curves of motor and sensory fibers must remain 
open. Nevertheless, the results described here, it will be shown, are not 
inconsistent with the hypothesis ascribing to the sensory fibers the thinner 
‘“membrane’”’. 

Conduction rate; multifiber observations. Since of the largest 
the trunk the sensory are definitely more excitable than the motor, on 
might expect conduction in sensory fibers to be faster than in motor fibers 
As a matter of fact the reverse appears to be the case, and this difference 
presumably constitutes another of the significant differences between 
motor and sensory fibers. 


o9 10 


Fig. 5. Effect of stimulus strength on shock-spike time including time for conduc- 
tion. The distance between stimulating electrode and lead is fixed in each set. The 
lead is from the trunk. Motor root stimulated, circles; trunk stimulated, squares 
The upper scale on the abscissa gives distance covered, assuming a velocity of 40 M 


per sec. 


Conduction has been studied in twenty-eight different preparations. 


In all cases determinations have been made of the time occupied by propa- 


gation between successive, rather closely spaced, points. Two general 
methods of determining the conduction time have been used. 1. In some 
cases the roots were stimulated separately at fixed points with induction 
shocks and records were taken from the ground lead which was moved to 
the selected points along the roots and the trunk, the grid lead remaining 
fixed on the killed end of the trunk. 2. In other cases two pairs of leads 
which could be used separately, were in fixed positions one on each of the 
roots, and the points stimulated were selected by shifting the pair of 
stimulating electrodes. 

After preliminary experiments with methods the stimulus strength 
usually employed was exactly twice threshold in each position. In two 


$45 
4 a | 
| 
| 
20 
\ 
\ 
- 10 
\ 
MILLIMETERS —-—@ 
0-7 MSEC 


446 JOSEPH ERLANGER AND E. A. BLAIR 


cases the strength was adjusted to six times threshold (see fig. 9). The 
need for exercising this precaution was ascertained in experiments in which 
the effect was determined on the shock-spike time (with conduction) of 
increasing the strength of the shock. A pair of curves illustrating the 
results obtained, one when the shock was applied to the trunk and the 
other when it was applied to a motor root, are shown in figure 5. There 
it is seen that increasing the strength to about sixteen thresholds in the 
trunk and to about eight thresholds in the root shortens the time 0.31 and 
0.41 msec., respectively, a spread that is equal to the time required for the 
impulse to travel a distance that is about as long as is available for obser- 
vation in roots. With further increase in stimulation strength the shock- 
spike time may actually lengthen (see root curve, fig. 5). This lengthening 
could be due only to an effect of an escape of stimulating current along 
the preparation, which modifies conduction of the after-coming action 
potential. Stabilization of the shock-spike time then could be attained 
by using shocks eight to sixteen times the threshold strength. Such 
strong shocks, however, eventually damage some of the fibers. For these 
reasons a compromise was adopted and, as stated above the shocks, in 
most cases, were carefully adjusted to twice threshold. Amplification 
then was adjusted to keep the resulting action potentials all at the same 
recorded height. Time was recorded, usually, in the form of 10 to 25 
kilocycle oscillations. 

With the high speed of deflection needed in these experiments it is rarely 
possible to pick with sufficient accuracy the point at which the recorded 
action potential rises out of the base line,—a difficulty that usually is en- 
hanced by distortion of the base line by the shock artifact and by base line 
artifacts that develop whenever the traveling action potential traverses 
a locus of change in diameter of the preparation (Bishop, Erlanger, and 
Gasser, 1926). The significance of this difficulty is made evident in 
figure 6. These are records of the same multifiber action potential with 
different amplifications, the amplification factors of the lower and upper 
records being to each other as 1 is to 20. The records show that at low 
amplification the actual start of the spike cannot be located. In order to 
minimize error from this source the conduction time, the shock-spike time, 
was measured to points on the rising limbs of the spikes at an adequate 
percentage (between 10 and 20) above the base line. The conduction time 
ascertained in this way is affected by the change in the configuration of the 
spike with conduction. One would expect the rate of rise, of the sensory 
spike particularly, to decrease with the distance. Curiously enough, 
however, the slopes, within the distances conduction has been followed, 
often have changed insignificantly. In one experiment the time was 
measured both to the apparent foot and to a point 10 per cent of the rising 
phase above the foot. The conduction rates thus determined turned out 
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to be faster (but almost within the limit of error) with the latter method 
All measurements have been made after about eight-fold enlargement of 
the photographs. 

Conduction rate graphs, which may be regarded as more or less typical 
of those obtained through movement a, of the stimulating electrodes, and 
b, of the recording ground electrode, are reproduced in figures 7 and &, 
respectively. In figure 7 the conduction rate in the roots, as shown by 
the slopes of the curves, is slower in the sensory than in the motor fibers; 
in the trunk and sciatic nerve the motor conduction rate is the slower. 
The differences, however, are not great, and the conduction rate through 
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Fig. 6 Fig. 7 Fig. 8 

Fig. 6. Effect of amplification on the measurement of shock-spike time. The 
conditions for the two records are identical excepting that the relative amplifications 
are as 1 (lower) is to 20 (upper). The records are placed with their shock artifacts 
on the same vertical. Time = 7 kilocycles. Natural size 

Fig. 7. Graph of conduction time against distance, multifiber records; motor 
(squares) and sensory (dots). Lead fixed, stimulus moved. Time and distance are 
with reference to shock and lead electrode, respectively. The roots are to the left, 
the trunk to the right, of the ‘“‘ganglion’’. 

Fig. 8. Graph of conduction time against distance, multifiber records; motor 
(squares) and sensory (dots). Stimulus fixed, lead moved. Zero time here is the 
time of arrival of the spikes, motor and sensory, at the most proximal lead point 
Otherwise as in figure 7 


the entire length is somewhat slower in the sensory fibers (41.5 m.p.s.) 
than in the motor fibers (43.4 m.p.s.). The major irregularities in the 
curves are in the vicinity of the ganglion and probably are referable to the 
effect the ganglion and the sheath exert on the spread of current lines from 
the stimulating electrode. The dot on the part of the sensory graph that 
is over the ganglion is the reading obtained when the stimulating cathode 
was on the ganglion and the anode on the trunk. It is more than likely 
that stimulation under these circumstances occurred at the edge of the 
ganglion. The open circle marks this position. When the graph is made 
to pass through the circle (dotted line), instead of through the correspond- 
ing dot, this part becomes essentially linear. 
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In the case of figure 8 the conduction rate is slower in the sensory than 
in the motor fibers, both in the roots and in the trunk. The sensory graph, 
however, shows a discontinuity in the region of the ganglion which might 
be interpreted as a lag of the action potential there amounting to about 
0.14 msec. The motor curve shows a discontinuity there also; it is in the 


same direction as the sensory discontinuity but much less significant. 
This discontinuity in the graph of transmission of the sensory impulse 
through the ganglion was described by Erlanger, Bishop and Gasser in 
1926, using a method of following conduction rates comparable with the 
one supplying the data for figure 8, excepting that the shock-spike times 
were taken as the conduction times. It was regarded by them as evidence 
of a lag in the transmission of the sensory impulse through the ganglion. 
Since, however, we do not now find a lag regularly when all of the pre- 
‘autions are observed that were employed in obtaining the data for figure 
7 it seems necessary to conclude that the lag is an artifact. 


Speaking now 
for ourselves only, we are inclined to attribute the apparent lag to an effect 
the sheath exerts on the transmission of the intrinsic potentials to the re- 
cording grounded electrode. The sheath must have the effect of broaden- 
ing the lead and of delaying, through this effect, the rise of potential as 
the active locus leaves the ground. But why this affects the sensory action 
potential more than the motor is not now clear. 

The present experiments were performed primarily for the purpose 
of obtaining data for a comparison of sensory and motor conduction rates. 
Twenty-three preparations supply the necessary information relative to 
the roots. The sensory conduction rate was slower than the motor in 
thirteen of these cases, faster in five and the motor and sensory rates were 
the same in five. Of twenty-four observations on the trunk the sensory 
conduction rate was slower than the motor in twelve, faster in eight and 
the same in four. In other words, it is rather the rule for the fastest 
sensory fibers to conduct more slowly than the fastest motor fibers. This 
obtains despite the fact that in the trunk the excitability of the sensory 
fibers is, as has been seen, almost invariably higher than that of the 
motor fibers. 


Conduction in single fibers. Attempts to follow conduction through 
single motor and single sensory fibers have led to relatively little of interest 
as regards the principal thesis, mainly owing to lack of assurance that the 
same fiber has been stimulated along the length of the preparation. In 
several cases there has been encountered what has appeared, through the 
all-or-none responses, to be a fiber with an outstanding excitability every- 
where. When, in such instances, the derived graphs of conduction along 
the preparation have been linear one can be reasonably certain that a single 
fiber has been traced. Two such sets of observations are available. In 
figure 9 the spike of a motor axon is followed through root, trunk and sciatic 
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nerve. Conduction through the latter two regions is linear and the ber 


in the curve between root and trunk is not any greater than is frequently 
observed there in multifiber experiments. The spike of the most excitable 
sensory fiber also was elicited through the preparation; the graph, however, 
shows discontinuities, indicating, probably, that fibers were exchanged 
along the preparation. Strangely enough the conduction rate in the motor 
fiber in the trunk and sciatic was 20.3 M per sec., and in the sensory fiber 
34.6 M per sec., whereas the shock thresholds were as 1.75 is to 2.5. In 
other words, the more excitable fiber has the lower conductivity. And 


stranger still is the observation that the motor multifiber conduction rate 


(34.6 m.p.s.) in the same preparation was very much faster than that of 


al 


Fig. 9 
Fig. 9. Graph of conduction time against distance. Squares, motor, single 
fiber; blocks, motor, multifiber, 6 K threshold; circles, sensory, single fiber; dots 
sensory, multifiber,6 * threshold. Zero of time and distance as in figure 7 
Fig. 10. Graph of conduction time against distance for the most irritable moto 
fiber and the (?) most irritable sensory fiber. Zero of time and distance : 
figure 7. 


the most irritable motor fiber, the one referred to above. On the sensory 
side, however, the single fiber and the multifiber conduction rates were 
essentially alike. 


Another motor fiber apparently has been traced in figure 10, the curve 
being linear; in this case, however, the most excitable motor fiber has the 
reasonable conduction rate of 46.5 M. per sec. Here again, the complexity 
of the sensory graph indicates that the same sensory fiber has not always 
been stimulated at the several loci. If the irregularity of the curves is 
an expression of the intrusion of different fibers, the former must be inter- 
preted as signifying that the most irritable fiber at one locus has a very 
different conduction rate than the most irritable fiber at another. It may 
be added, that there was no correlation here between the local velocities 
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of sensory conduction and the local excitabilities, unless it is assumed that 
two fibers were being traced, and then the data indicate that the more 
irritable of the fibers had the slower velocity and the lower spike. This 
interpretation does not appear to be unreasonable, in view of the great 
difference in the velocities in the most irritable motor fiber in each of the 
two cases discussed above. 

Conduction failure through the ganglion. It has happened not infrequently 
during an experiment that, of the motor and sensory fibers, the sensory 
only have failed to conduct. This failure as a rule has developed more or 
less gradually; but in a few instances it has come on with startling rapidity. 
When, in such instances, the search has been made, the fault has been 
located in the ganglion. If, as those observations indicate, the ganglion 
is a point of least resistance, it seemed that this vulnerability should be 
demonstrable through exposure of the preparation to untoward conditions 
such, for example, as oxygen lack or overwork. 

To observe the effect of oxygen lack the method employed was to 
expose the entire preparation first to an atmosphere of oxygen and then 
to an atmosphere of hydrogen, all the while stimulating the motor and 
sensory roots alternately and equally, and leading the responses to stimu- 
lation either from the region of the ganglion or from the trunk beyond 
the ganglion. The gases were thoroughly washed and saturated with 
water. The records gave no evidence of a consistent difference in the rate 
of failure of motor and sensory conduction. 

To test the capacity of the motor and of the sensory fibers to carry im- 
pulses through the region of the ganglion two general methods of procedure 
have been followed. a. Either the trunk has been stimulated continuously 
at high rates while leading alternately from the sensory and motor roots, 
or b, while leading from the trunk, the roots have been similarly stimu- 
lated, but alternately, for equal periods of time and with currents equally 
strong relative to the respective thresholds. Stimulation was effected 
through an 885 tube and the rates employed rose to about 500 per second. 
Stimulation fatigue was controlled by shifting the locus stimulated. 

As the rate of stimulation approaches the above rate the height of the 
spikes falls off, alternates and then becomes irregular, but the motor and 
sensory pictures derived from six different preparations on the average 
have changed alike in all respects through long periods of stimulation. 

Leads from the ganglion. A comparison of records taken along the 
preparation in a variety of ways discloses no discontinuities in amplitude 
or duration of spikes which might be referred to the entrance of an in- 
crement of potential from the ganglionic region. Furthermore, analysis 
shows that the area of the sensory spike bears a constant relation to 
that of the motor spike (within 3 per cent) whether the lead be from 
the ganglion or from the trunk. Neither the cells nor the connecting 
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fibers give rise to any potential that can be recognized by 
of methods employed. 

Discussion. As a working hypothesis to help with the ex 
development of this problem it has been assumed, as has beer 
the sensory fibers differ from the motor in having the looser 
All of the observations seem to fit into this view: sensory fibers } 
lewer threshold, accommodate less and therefore are more repetitiou- 
they have the lower demarcation potential, and the greater relative re- 
sponsiveness to currents of long duration as compared with brief current- 
Has this hypothesis, then, an anatomical basis? 

1. The peripheral sensory fiber is regarded generally as a dendrite, 
motor and the sensory root fibers as axons. The experimental finding 
cannot, however, be made to fit this anatomical classification. Repetition, 
to be sure, reaches its highest development in the peripheral sensory fiber 
but the central sensory repeat somewhat better than the motor fiber- 
both axons. Moreover, the difference in demarcation potentials recorded 
here applies to the root fibers; information as to how the motor and sensory 
fibers behave in this respect in the trunk seems unattainable, since there 
they do not lend themselves to discrete determinations. 

2. If we are dealing with a difference in membrane tightness, what 
constitutes the membrane? Jasper and Monnier (1933) have assigned 
this rdle, at least in part, to the myelin sheath. At any rate they attribute 
the high repetitiousness of crustacean nerve to the absence of this sheath 
with its current limiting capacity. This view does not, however, appear 
to be applicable here, since we are not familiar with any evidence indicating 
that for fibers of the same large size the myelin sheath of sensory fibers is 
thinner than that of motor fibers. 

Moreover, evidence from this laboratory indicates that electrical cur- 
rents stimulate (and block) medullated nerve fibers, not through the 
medullary sheath, but through the nodes of Ranvier (Ierlanger and Blair, 
1934). From this standpoint it would seem that the main difference 
between medullated and nonmedullated fibers consists of the fact that on 
has insulated segments, the other not, and that in the case of medullated 
fibers differences in ‘membrane tightness’ are largely a matter of the 
relation obtaining between nodes and internodes. 

In the absence of any specific information on this subject it would profit 
little to attempt much more than an enumeration of the possibilities. As 
compared with motor fibers, in sensory fibers either the nodes might be 
wider, or the internodes shorter. This investigation includes one observa- 
tion that can be accounted for through the latter alternative. It has been 
seen that in the trunk the sensory fibers are much more excitable than the 
motor, and yet conduct at about the rate of the motor fibers. If conduction 


is effected through restimulation by eddy currents and if it is saltatory, 
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the tendency the high excitability must exert toward hurrying propagation 
might be counterbalanced by the increased number of restimulations 
needed per unit of distance traversed. 


SUMMARY 


On the basis of evidence indicating that the sizes of the largest sensory 
and motor fibers in the bullfrog are essentially alike this investigation 
shows: 

1. That the rheobase of peripherally directed sensory fibers is at least 
20 per cent below that of motor fibers. 

2. That the repetitiousness of sensory fibers exceeds that of motor fibers 
as measured by: 

a. The constant current threshold of repetition, 

b. The constant current threshold of repetition in terms of rheobases, 
and, 

c. The maximum amount of repetition elicitable by a constant current. 

3. That during the passage of a constant current sensory fibers accom- 
modate less than motor. 

4. That the peripherally directed sensory fibers are more repetitious 
than the centrally directed, and that this difference probably is not as- 
signable to the difference in the ensheathment of root and trunk. 

5. That the demarcation potential of the sensory root is lower, by 
roughly a third, than that of the motor root. 


6. That sensory fibers as compared with motor are more responsive to 
currents of long duration and less responsive to currents of short duration. 

7. That despite their greater responsiveness to currents of long duration 
sensory fibers conduct perhaps less rapidly than motor fibers. 

These results can be fitted into the hypothesis that sensory fibers have 
the “looser membrane’’; and reasons are given for locating the ‘‘membrane”’ 
at nodes rather than at internodes. 


Occasional rather sudden failure of the sensory fibers to conduct through 
the ganglion has been observed; yet conduction through the ganglion 
withstands oxygen want and a high rate of response as well as does con- 
duction through motor fibers. 

With improved methods it has not been possible to substantiate a lag 
in the propagation of the impulse through the ganglion. Neither has it 
been possible to find any evidence for a diversion of action potentials 
traveling in sensory fibers into their cells. 

An exceptional relation is described between conduction rate and ex- 
citability in a motor fiber. 
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I. In a recently published paper (1) the writers have proposed a theory 
of the functions of the retina which was based upon a large series of tests 
of threshold vision at the fovea. 


The test objects used for the investigations consisted of white squares on a black 
background, and of white squares with inner black squares as test objects with 
internal contrast. The total area of each square varied between 81 and 1600 sq. mm. 
(9mm. to 40 mm. objects). At the distance from which the test objects were viewed, 
they subtended visual angles of from 8’ to 36’, and were therefore well within foveal 
vision. The test objects were illuminated by red light, and were viewed from a dis- 
tance of 3.75 meters through a red filter (Wratten F 29). 


For the white squares (9 to 40 mm.) used as test objects, the product 
of the cube root of the area multiplied by the light intensity required for 
vision at the threshold, was found to be a constant,—i.e. ¥//WA X I = C2 
For square test objects whose total area was 1600 sq. mm., which con- 
sisted of an outer white and an inner black area, the product of the square 
root of the white area and the intensity of the threshold light —~/WA X 
I~ was found to be a constant. For square test objects of 9 mm. with 
internal contrast (total area 81 sq. mm.), the product of the white area 
and the light intensity--A Xx J—was a constant. 

For all of the test objects at the threshold, both white squares and 


squares with internal contrast, we found that W~WA x I - (7 Xx 


VBA 
WV WA 
light energy which is effective at the ganglion cells of the retina from a 


) = (. In this equation, WA X I expresses the amount of 


' Aided by a grant for brain tumor research from the John and Mary R. Markle 
Foundation 

2 The following symbols are used: T.A. = total area; W.A. = white area; B.A. = 
black area; J = light intensity (in foot candles); 7 = time in seconds; 7.D.A. 
time required for dark adaptation (in seconds); C = constant. 
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BA 

white square test object, and (7 xX SS ) the reciprocal! 
VWA 

of the white on the black and the black on the white area 


with internal contrast. The formula WWA x 1 


vielded a constant figure for each individual for all of the 
that were used,—both white squares and white squares with inne: 
squares as test objects with internal contrast.® 

The formula was, therefore, a mathematical expression of the fun 
relationships of the cones, bipolar cells and ganglion cells of the ret 
It could be used to express the amount of effective light energy that 
transmitted to the brain and that was necessary for the recognition 
object illuminated by the light intensity necessary for vision 
threshold. 


Il. The effective light energy which is transmitted to the brain by th 
adapted eye. For the experiments described in this section, the test 
sisted of 1, a white square of 40 mm., and 2, a square with internal 
total size was 80 mm. The total area of the latter was 6400 sq 
white area 1600 sq. mm. and of the inner black area 4800 sq 
For each series of tests, the object and intensity of illumination 
but the intensity of the bright light and the duration of the exposure 
All of the tests were made with the two eves After the exposure 
bright light, the time which elapsed before the test object could again be 
considered to be the time required for dark adaptation. Therefore the 
refractory period was used as a measure of the effect of the bright light 
For these studies of dark adaptation we made use of a visual box 
which one or both eves could be exposed to a bright light of any intensity) 
desired time The apparatus and procedure have been fully deseribed i 
published paper (2) The steps of the procedure for the study 
consisted of: 
1. The establishment of the light required for vision of 
2. The exposure of the eyes to bright light of a known 
period of time 

’. The establishment of the time which elapsed until the 
be recognized 

Therefore we studied threshold vision at only a small part of the dark adapt 
curve 


We were able to discover a simple equation for light adaptation, as an 
expression of the energy transmitted to the visual centers by the exposure 
of the eyes to a bright light. 


According to the Bunsen-Roscoe law, within certain limits, the photo- 


chemical effect produced by light is equal to the product of the intensity 


The conditions under which this statement is correct are described in detail and 
the test objects are illustrated in papers published in the Bulletin of the Neurologica 
Institute of New York, 1937, vi, no 
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of the light and the time during which it acts. In other words, a given 
photochemical effect is produced by a given number of vibrations inde- 
pendent of the time required to receive them. According to this law, 


TABLE 1 
The relation between I X T and the time required for dark adaptation 


TIME REQUIRED FOR 
DARK ADAPTATION 


C. A. E. H. 8. 


foot candles seconds seconds seconds 
1.25 40 
1.60 30 4 8.7 
2.50 20 3 .7 
2 


3 12.1 


5.00 10 0 


400 
400 
400 
400 


600 
600 
600 
600 


1,200 
1,200 
1,200 
1,200 


1,200 


20 1,600 
40 1,600 
80 1,600 
260 6.2 1,600 


if X T = C, the amount of light to which the eyes are exposed remains 
the same. 
The formula J X T = C indicates the amount of light acting on the 


4. &. 
3.0 60 200 11.4 10.9 
A 6.6 30 200 9.5 7.4 
= ( 
B 1x1 200 10.0 20 200 6.9 7.2 
20.0 10 200 4.9 5.0 
6.6 60 23.5 28 .6 
. 13.2 30 14.1 15.4 
Cc IxT= 400 < 

20.4 20 12.6 
40.0 10 6.7 8.9 
10 60 25.3 29.7 
. 20 30 15.8 23.4 

D IxT= 600 
: 15 40 13.9 17.8 
60 10 10.5 14.3 
| 20 60 31.5 24.2 
40 30 23.3 17.5 
60 20 16.6 12.9 
80 15 15.6 10.4 
H. 8S. 
33.4 34.4 

‘ x = 00 
I T= 1,6 19.0 21.2 
12.0 
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retina, but it does not express the resultant energy liberated or thy 
ber of impulses sent to the brain. This is shown by the results of th 
in table 1. 

These figures show, for any given value of I & T, that if the intens 
light was low but the time of exposure of the eyes to the light wa 


TABLE 2 


The relation between W/I X T and the time required for dar} 


longed, the duration of the refractory period was longer than when the 


relation between time and intensity was reversed. The important result 
of these tests was the demonstration that the Bunsen-Roscoe law ] « T 
expresses the amount of light that is effective at the retina but not the 
energy that is transmitted to the brain for vision. 
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TIME REQUIF FOR 
I T 1 DARK A APTA 
8 2 5.0 10 1.7 5.7 
A VIXT = 10 27 3 3.3 10 $5 5.8 
64 2.5 10 1.6 5.4 
s 2 1s 36 7.1 
B YVIXT= © 27 3 12 36 1.3 7.5 
64 } 9 36 7.8 Ta 
H. 
Ss 2 36 72 22.1 
( T= 27 3 24 72 22.6 ISS 
64 18 23.6 19.1 
S 2 54 108 31.4 26.6 
D /I XT = 108 27 3 36 108 30.5 26 2 
64 j 27 10S 28 .5 23 .6 
27 3 4s 144 24.3 25.0 
1D VI XT = 144 64 } 36 144 24.0 26.3 
SO 4 32 33.0 144 24.5 25.1 
27 3 60 180 34.2 35.9 
I VIX T = 180 64 4 45 180 35.9 38.9 
SO 4.32 41.6 180) 34.6 33.9 
64 } 54 216 34.7 41.0 
G VI XT = 216 80 4.32 50 216 33.3 39.8 
256 6.6 32.7 216 75.8 (a 17.3 (a) 
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A series of investigations, a few of which are given in table 2, showed 
that (within the limits of experimental error) when the product of the 
cube root of the intensity of the bright light and the time of exposure to 
it (x I X T) was a constant, the time required for dark adaptation of 
any individual was also constant. 

These tests showed that when WI X T = C the time required for dark 
adaptation was constant, excepting in one instance (G (a)) in which the 
light was of great intensity and the time of exposure to it was long. In 
this one instance some other factor must enter. 

111. A formula for dark adaptation at the fovea. It is well known that 
the time required for dark adaptation is dependent upon at least four 
factors: 1, the size of the test object; 2, the intensity of its illumination; 
3, the intensity of the bright light to which the eyes were previously 
exposed, and 4, the duration of the exposure to the bright light. The 
other factors were constant in the tests. 

In the first section of this paper we have indicated that the effective 
light energy which is transmitted to the brain by the retinal ganglion cells 
may be expressed by the formula J - (1 = and 
V Wal 
this constant may be called C7. In the second section it was shown that 
the energy from a bright light, effective at the retinal ganglion cells and 
by them transmitted to the visual centers may be expressed by the 
formula \ I X T = C, a constant which we shall eall C2. 

The more intense the bright light or the longer the eves are exposed 
to it (the other factors being constant), the larger will be the value of 
C2, and the longer will be the time required for dark adaptation. On 
the other hand, the larger the size or the more intense the illumination of 
the test object (i.e., the larger C7) (the other factors being constant), the 
shorter will be the time required for dark adaptation. Therefore there 
is an inverse relationship between C7 and C2 and it was found that this 

CI vice 
demonstrated that VO X VTDA = C. The complete formula for 


relationship was expressed by the fraction A large series of tests 


dark adaptation is therefore: 
vee xX VTDA=C 


xT 


in which I’ is the intensity of illumination of the test object, and J”’ the 
intensity of the bright light. 

This constant was called C5 and it was derived from the following calcu- 
lations: 
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1. A large series of tests showed us that C/ 
which we ealled C3, as given in table 3 
TDA 


1D 


2. Furthermore, we found that 

called C4) as given in table 4 
Che formulas for C3 and C.; show that C7 is in 
hat is directly related to TDA 


give constants. Therefore the formula 


a constant,--which is the constant we ha 


TABLI 
hite squat! Dura 
test object was illuminated by 
wr threshold vision; in each succeeding test, t! 


increased by 10 per cent 


TABLE 4 
[wo eves, 40 mm. test object; intensity of illumination of 
plus 20 per cent; duration of exposure to bright light of 80 fo 


30) s¢ conds. 


This constant (and the formulas from which it is derived) is a mathe- 
matical expression of the energy transmitted to the visual centers in the 
brain and of the phenomenon of dark adaptation. 


The equation was applied to series of visual tests of dark adaptation 
(TDA) in which 1, the size of the test object; 2, the illumination of the 
test object; 3, the intensity of the bright light, or 4, the duration of 
exposure to the bright light (light adaptation) was varied xamples 
are given in tables 5 to 8. 


"4 
$59 
AVIVA 
ersely related ¢ VIDA 
+ 
Doth nese } 
('] 
hing 
V TDA mu 
called 
l li 
Ci TDA TDA ) 
] 5) 90 8.5 3.57 
2 55.08 10.5 25 IS1 95 
3 61.07 7.4 2.43 66 74 
{ 66.16 5.8 2 4 558 
D 71.25 §.1 2.25 ty 
6 76.34 1s 2.2 
101.79 3.4 S7 72 
test obiect. threshold 
candles. 5. ] 15 and 
3 VTD 
VC2 TDA VIDA 
2.78 12.8 29 
2 3.5] 20.5 $5 2s 
3 1.0 29.3 5.4 
5.05 37.2 6.1 
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TABLE 5 
Four test objects. Illumination of T.O. 7.6 foot candles. Intensity of bright 
light 80 foot candles. Duration of each exposure to bright light, 10 seconds. 


AREA ; BA NATION VWA VBA : C2 


foot 
candles 


6 < 45.14 43 .20 
6 63.08 13.20 
6 75 .24 43.20 

88 .92 43 .20 


1 600 100 
1,600 S00 
1,600 1,200 
1,600) 1,600 
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Found by tests Calculated by formula 
seconds seconds 
17.6 16.81 
7.6 8.4 
6.4 5.9 


3.9 4.2 
Average 


TABLE 6 


Forty millimeter white square as test object. Tests begun with threshold light, 
and in each succeeding test the illumination of the object was increased by 10 per 
cent. Intensity of bright light 80 foot candles. Duration of exposure to bright 
light 5 seconds. 


bt 
~I 
00 OO OO te 
ww 


to 


bw 
OO 


t 


Average 
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Found by tests Calculated by formula 


seconds seconds 
13.5 11.56 
10.5 9.55 
8.06 

9 

S4 

2.89 


460 
%/ 
1 1,200 3.51 
S00 3.51 
3 400 3.51 
3.51 
CI 
C2 VTDA 
1 53.76 
2 50.12 
3 54.35 
Cl 
TDA X 
l 50.89 68 67 .34 
2 55.98 25 65.33 
3 61.07 73 59.79 
4 66.16 57.10 
5 71.25 25 57 .60 
6 76.34 2 60.28 
7 101.79 87 68 .44 
62.27 
2 
3 
4 
5 
6 
7 
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TABLE 7 
Test object with contrast. 7A 6400 sq.mm. WA 1600. BA 45K 
illumination 6.21 foot candles. Intensity of and duration of expr 


varied in each test 


TDA 


Average 


TABLE 8 


Test object with contrast. TA 6400 sq.mm. WA 1600. BA 4800. Intensity of 
illumination of test object 5.4 foot candles. Intensity of bright light 40 foot candles 


Duration of exposure to bright light varied: (1) 5 seconds (2) 10 seconds (3) 15 


seconds (4) 20 seconds (5) 25 seconds (6) 30 seconds 


C2 (WI X T) 


10 
20 
30 
40) 
50 
60 


WW 


TIME REQUIRED FOR DARK ADAPTATION 


Found by tests 


Average 


seconds 
] 3.3 60 1.49 93 1 48 62.59 
2 6.6 30 56.40 3.76 62.59 
3 10.0 20 2.16 45.20 4.46 62.59 
20.0 10 2.42 27 .20 62 .59 20.5 
TIME REQUIRE FOI ARK 
Cl ADAPTATION 
I V TDA VTDA 
V C2 
Found by tests 
l 10.9 | 46.20 10.9 10.90 
2 7.4 2.42 15.15 7.4 7 4 
3 7.2 2.66 is 14 41.2 7.60 
4 2.24 16.59 $99 4.97 
46.52 
Cl ; TDA VTDA 
VCE 
57 21.5 70 2.64 
} 25 17.0 9.9 3.15 
72 15.0 12.9 3.59 
1 13.5 15.3 3.9] 
12.6 19.9 1.47 
( 68 23 
C1 
Cs X VTDA 
Calculated by formula 
] 56.76 7.0 6.55 
2 53.55 9.9 10.43 
3 53.85 12.9 13.47 
4 52.79 15.3 16.0 
5 56 .32 19.9 19.1 
6 56 .64 23.0 21.7 
54.98 
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CoMMENT. 1. It must be remembered that the tests upon which the 
equations are based were made with red light, and therefore that the 
conclusions are applicable only to red light. It is probable, however, 
that tests with other monochromatic or with white light will give similar 
if not identical results. A small number of tests with white light, which 
we have made, point in that direction. 

2. Our studies deal entirely with foveal vision, i.e., the rod-free part of 
the retina. It is probable, however, that similar tests made of vision 
of the entire retina or of the periphery, will give similar results. Under 
the latter circumstances, on account of the presence of rods in addition 
to cones, and of the different effects of light upon these two sets of recep- 
tors, the equations might have to be modified for peripheral vision. On 
the other hand, it may well be that the equations will hold equally 
well for all parts of the retina. 

3. There are some limitations to the formula for dark adaptation to 
which attention must be called. The formula does not hold for very 
bright light (above 286 foot candles) if the duration of exposure is long. 
Under these conditions some other factor is added. Furthermore, the 
lowest limit at which the formula holds is uncertain because with our 
simple apparatus it was not possible to measure very slight differences of 
low intensities of light. 

4. The constants obtained in different series of tests on the same indi- 
vidual on different days, will often vary. This is in accordance with the 
well known fact that the reactions of the nervous system of an indi- 
vidual vary diurnally to some extent,—no matter what the character of 
tests that are made. Thus if quantitative tests of acuity of sensation are 
made on different days, there will be some variations in the results. 


This fact is well known, and in our tests of the special senses,—smell, 
hearing and vision—we have found this to be the case. But if the calcu- 
lations by the equations are based upon the reactions of the individual on 
any one day, all of the constants will be found to be the same for the 
same individual. 


Discussion. The results described in this report appear to indicate 
that it is possible to express in mathematical terms the effects of light 
upon the eye and the brain which produce conscious vision. The for- 
mulas are mathematical expressions of the energy produced by light, and 
of the relative value for conscious vision, of different degrees of light 
stimulation. In effect, therefore, the result is a physical expression of 
cerebral activity. 

In his classic paper “Zur Theorie des Elektrischen Reizes,’’ Nernst (3) 
foreshadowed these results. He stated that in organic tissues electrical 
threshold stimuli could cause only changes in the ionic concentrations of 


RETINO-CEREBRAL FUNCTION 


substances. It was possible to express such changes causin 

a mathematical physical formulation. The experimental 
periods of time of less than one second. He anticipated tha 
periments involving longer periods of time might some day g 
results. 

According to Nernst’s theory, the threshold effect upon the ner 
is based upon a simple square root relation, i.e., 
sults of the studies of dark adaptation described in this paper have 
a similar conclusion: the effect upon the brain, as indicated by thu 
tion of the time required for dark adaptation, has a square root rela 
to the energy which reaches the brain from the ganglion cells of 


retina. This is indicated by the formula =3,,,5 X VTDA C. From 


experiments that will be described in another paper, it appears probable 


that there is a similar square root relation between other impulses that 
reach the cells of the brain and the effects there produced 

The cube root relations, evidenced by the formula for C 7 and the 
formula for C 2, appear to have a relation to the functions of the retinal 
ganglion cells and are in accord with the theory of the functions of the 
retina described in a paper already published (1). 

The important fact that in the light-adapted eye, the effect of bright 
light does not obey the Bunsen-Roscoe law, needs some consideration 
The fact that the effect of light is expressed by the equation y/J & T = C 
instead of J X T = C is not a contradiction to the law, but a demonstra- 
tion that the nerve energy produced by an amount of light is not directly 
proportional to the quantity of light or the photochemical effect. The 
statement of Hecht (4) that the effect of light upon visual purple and the 
change from visual purple to visual yellow obeys the Bunsen-Roscoe law, 
may be entirely correct. From this one cannot draw the conclusion that 
the resultant nervous energy that is released to the brain is governed by 
the same law. 


SUMMARY 


1. Formulas are given for threshold vision and for light and dark 
adaptation at the fovea. 

2. The formula which gives the constant we have called C / is a mathe- 
matical expression of retino-cerebral functions associated with vision 

3. The formula which gives the constant we have called C 2 is a mathe- 
matical expression of the energy produced during light adaptation and a 
measure of the influence of bright light upon the duration of the refrac- 
tory period (dark adaptation). 
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4. The formula for dark adaptation is a mathematical expression of 
cerebral activity for conscious threshold vision as measured by the dura- 
tion of the refractory period (dark adaptation).‘ 
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‘It is hardly necessary to mention that the so-called constants are only constant 
under certain experimental conditions. For example, C 1 is a constant expressing 
the relationship of area and intensity for vision at the threshold in the dark adapted 
eye. In the formula for dark adaptation, it may be a variable dependent upon the 
factors which influence dark adaptation. In the formula for dark adaptation, C 2 
is a constant which expresses the relationship of time and intensity during light 
adaptation, only when the other factors which influence dark adaptation and the 
time required for dark adaptation are constant. Otherwise C 2 is a variable. 
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The early theoretical and experimental contributions to the study 
the center of gravity in man have been reviewed by Hayeraft (Schafer, 
1900), Luciani (1915) and Steindler (1935). Although the diagnosti: 
value of the gravity line in the physical examination of posture has been 
universally recognized, its experimental determination is neglected in the 
majority of the many tests devised for the objective evaluation of stance 
Few data are available, particularly on the female, whose bodily con- 
figuration differs from that of the male in ways which influence the location 
of the center of weight. The first extensive observations on young adult 
women were concerned with the height of the center of gravity and were 
made in this laboratory by Dawson and his co-workers (Croskey et al., 
1921). They used a modification of the simple method originally de- 
scribed by Borelli (Schafer, 1900). In 1931 Cotton published his more 
accurate Differential Method and extended the observations of Dawson 
Our object has been to locate the three cardinal orientation planes passing 
through the center of weight and to establish their range of variability in 
this sex and age group. 

Metuops. 1. The location of the horizontal plane passing through the 
center of gravity. The apparatus illustrated in figure 1 permits direct 
measurement of the height of the center of gravity in a single simple manip- 
ulation. A heavy plank balance board was suspended by a metal yoke 
between two supporting knife edges. Rubber tired casters were mounted 
near its extremities. Upon these rested an unyielding wooden platform 
moved by a crank shaft attached to a differential gear which simultaneously 
actuated a counter-weight running on bail bearing wheels over a steel 
track. Any movement of the platform, displacing the center of gravity 
and thus affecting its importance in producing rotation about the sup- 
porting knife edges is exactly balanced by a movement of the counter- 
weight in the opposite direction. The subject assumes a standardized 
position upon the adjustable platform. When balanced, the center of 
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gravity of the recumbent body lies in a vertical plane passing through the 
supporting knife edges. 

2. The location of the cardinal vertical orientation planes passing through 
the center of gravity. The approach was that of Reynolds and Lovett 
(1909). The subject stands upon a horizontal beam supported at each 
end on steel knife edges, one of which rests upon a platform scale equipped 
with a distant reading dial. Since the sum of the counter forces of gravity 
is equal to the total weight, and since the center of weight divides the 
support into parts of a length in inverse proportion to the intensity of the 
reactions at the knife edges, the distance of the concentrated load from 
the posterior support may be determined by equating moments. To 
locate the coronal and sagittal planes passing through the center of weight, 


photographs of the subjects were taken on photostat paper in profile and 
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Fig. 1. The entire system, swinging freely from the supporting knife edges, is 
first adjusted by moving the balance weight until the moments on either side of the 
axis of rotation are equalized. The balance board then remains in equilibrium irre- 
spective of the position of the adjustable platform. The center of gravity of the 
apparatus when sustaining a recumbent subject lies below and close to the knife 
edges which bear the weight of the aggregate. Tipping due to unequal loading raises 
the center of gravity. The balance board tends always to seek the horizontal, en- 
hancing the ease of equilibration. The influence of a ten gram weight at the end of 
the balance board may be detected with a spirit level. 


back view respectively. A signal lamp in circuit with the camera shutter 
indicated the instant of photographie exposure. The mean position of the 
scale indicator was then read. A vertical line passing through the center 
of weight was introduced into the photographs after correcting its caleu- 
lated distance from the posterior knife edge for variable degrees of paper 
shrinkage in drying. 

The subjects of the investigation were healthy young adult women, 
357 college freshmen and S88 graduate and undergraduate professional 
students in physical education. The subjects were either nude or clothed 
ina dry tank suit. Center of gravity determinations were made without 
regard to meals or time of day since the work of Dawson and Cotton had 
demonstrated these to be negligible sources of error. Distortions attrib- 
utable to exercise circulatory readjustments did not occur. For the 
location of the vertical orientation planes two attitudes were studied. 
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The college freshmen took their best standing postures 
students assumed a confortable natural stance. 

Resutts. Table 1 contains the essential data concerned with 
tion of the height of the center of gravity. The findings aré 
agreement with those of Dawson and Cotton. In spite of marked 
in tallness and weight, the percentage height of the center of gravit: 
parts from the mean over a remarkably small range, the scatter amountin 
to less than 1 em. The average weight of the 88 professional stud 


was 58.370 +0.493 kgm. with a standard deviation of 6.851 +0.348. It 


ranged from 45.645 to 78.761 kgm., but there was no statistically significant 
relation of the per cent height of the center of gravity to this variabl 
indicative of concentration of weight about the hips and thighs in the 


heaviest subjects. The average height was 1.644 +0.004 meter with a 


TABLE 
Per cent of total height below the cent 

COLLEGE 
WOMEN 

Number of subjects 

Mean height of center of gravity 

mean 

Minimum 

Maximum 

Standard deviation 

P.E. of standard deviation 

Median 

Lower quartile 

Upper quartile 

Semi-quartile range 

Coefficient of variability 


standard deviation of 0.058 +0.008. Tallness was not associated with 
a disproportionately high center of weight. These subjects were of good 
physique, the dispersion about the mean percentage height of the center 
of gravity being roughly equivalent at all statures. The average age 
was 20.2673 +0.1299 years with a root-mean-square deviation of 1.776 
+0.0918. Since it ranged from 17 to 26 years, the per cent height of the 
center of gravity was also plotted against this variable. It demonstrated 
no trend toward the development of a bodily contour significantly altering 
the distribution of mass with increasing maturity. That this constancy 
in the percentage height of the center of gravity is significant and not due 
to an unusual homogeneity in type of build among professional physical 
education students is suggested by the close agreement between the 
experimental findings on this and the general college group. 


$67 

gra 
DATA ATA 
38 50 
55.195 56.07 55.44 
0.056 0.07 O96 
53.295 54.70 53.5 
57.758 57.30 58.5 
0.775 0.67 1.003 
0.040 0.05 0 O58 
55.136 56.17 55.39 
54.714 55.56 54.69 
55.699 56.63 56.12 
6.492 0.53 0.72 
1.4] 1.69 1 
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Steindler (1935) places the line of gravity approximately 4 em. in front 
of the ankle joint. Although our average findings approach this estimate, 
the data presented in table 2 indicate that the weight line may be located 
over an exceedingly wide range along the antero-posterior foot support, 
varying from 0.388 to 13.536 em. in front of the ankle joint. The average 
location of the center of gravity as projected into the base of support of 
women standing in their best posture was 4.928 +0.073 em. anterior to 
the external malleolus with a standard deviation of 1.95 +0.0519. The 
dispersion about the mean is great, the location of the center of gravity 
in this plane being 26 times more variable than its percentage height. 
The mean distance of the weight line from the malleolus was 14 per cent 
greater when a comfortable natural stance was assumed. However, con- 
sideration of the relation of the gravity line to the malleolus without 
regard to foot length, as is customary, leads to errors in interpretation. 
The mean foot length of the average professional physical education 


TABLE 2 
Distance of the weight line from the external malleolus 


COLLEGE PROFESSIONAL 
WOMEN STU DENTS 


Number of subjects 327 

Mean distance from malleolus (em.).. . 928 5.650 
P.E. mean 0.073 130 
Minimum 0.388 272 


Maximum 13.536 9 388 
Standard deviation 1.95 80 
P.E. of standard deviation 0.0519 0.09 
Coefficient of variability 39.5 31.8 


student was greater than that of the college freshman so that the center 
of gravity occupied almost identical positions when projected into the 
base of support, 40.04 and 40.09 per cent of the antero-posterior underprop 
diameter being dorsal to the gravity line in the natural and best stance 
respectively. Disregarding the toes, which usually bear no weight in 
normal stance, places the mean center of gravity in apivotal position with 
roughly equivalent diameters of structural support fore and aft. 

The weight line was equidistant between the heels in only 10.98 per cent 
of the college girls standing in their best posture and in 13.25 per cent of 
the physical education students assuming a comfortable stance. In the 
majority the weight was unequally distributed between the feet, falling 
preponderantly to the left in the natural stance. This may be an expres- 
sion of handedness, stance being a position of readiness for movement in 
which the right side tends to swing forward first, or a posture of prepared- 
ness, the left foot bracing to meet dominantly right sided activity of the 
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non-weight-bearing limbs. When a conscious effort was made to stand in 
a good posture, the position assumed by the college freshmen, the weight 
line fell preponderantly to the right. This may be the unconscious over- 
correction of a natural tendency to attain balance by holding the weight 
on the less developed side. 

Steindler (1935) believes that in the majority of human subjects “thers 
is a time in life when apparently complete and stable symmetry of the 
body exists,” curvatures of the spine only following upon the habitual 
assumption of asymmetrical bodily attitudes. In his definition of ‘normal 
posture” the gravity line intersects the head in the mid-oecipital region, 
coincides with the vertebral column, passes through the gluteal fold and 
is equidistant from the heels. The existence of such a posture even in 
young adults must be a theoretical abstraction. The one-sided prepon- 
derance of habitual movement patterns and occupational postures suggests 
on a priort grounds that their equilibratory compensation will automati- 


cally induce attitudinal anomalies giving rise to a physiologically normal 


posture characterized by a frank asymmetry in configuration. Our ex- 
perimental findings bear this out. 


SUMMARY AND CONCLUSIONS 


The three anatomical orientation planes passing through the center 
of weight were located in 445 young adult women. The height of the 
horizontal plane above the base of support was measured in recumbency. 
The vertical orientation planes were determined in the upright stance 
when a natural, comfortable posture was assumed or when the subject 
stood in her so-called ‘‘best posture.”” The evidence justifies the following 
conclusions: 

1. The mean percentage height below horizontal plane passing through 
the center of gravity is 55. 

2. Departures from the mean percentage height of the center of gravity 
vary over a singularly small range in spite of wide disparity in tallness 
and weight. 

3. The average location of the line of gravity is 5.08 cm. in front of 
the ankle joint. 

4. It varies widely from a position nearly coincident with the axis of 
rotation of the ankle joint to one at the extreme limits of the antero- 
posterior foot support. 

5. The upright stance is asymmetrical in the majority of young adult 
women, the weight falling preponderantly to the left in a comfortable 
stance and to the right when the “best posture’ is assumed. 

6. It is suggested that the transverse shift in the center of weight as- 
sociated with voluntary correction is an overcompensation for a natural 
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tendency to balance unequal development incidental to handedness, by 
standing on the weight bearing limb of the weaker side. 
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It has been said that man is a made-over animal (Hooton, 1936 The 
greatest modifying force to which he has been subjected in his evolution 


to bipedism is gravity. Posture is an automatism controlled by geotropic 


reflexes which Fulton and Sherrington (1930) date as pre-human in an- 
tiquity. The receptors in this neuron circuit first described by Liddell and 
Sherrington (1924) must be stimulated by every shift in the center of 
gravity. Our observation of the extreme variability in the location of thu 
center of weight in the vertical orientation planes of a homogeneous group 
of young adults studied by a method involving instantaneous photography, 
suggests that the upright stance may be associated with degrees of pos- 
tural sway which markedly alter the tone demanded of the antigravity 
muscles for the equilibration of rotatory stresses effective at the joints of 
the vertebral column and the weight bearing limbs. The efforts to cx- 
plain the peripheral mechanism of tonus have been largely hypothetical 
(Barbour and Stiles, 1912; Forbes, 1922; Fulton and Liddell, 1925 The 
object of this study was to determine the magnitude of involuntary center 
of gravity shifts during the assumption of a natural vertical stance, and to 
evaluate their importance as effective stimuli for the myotatic reflex 
Metuops. The method, based on Newton’s Third Law of Motion, was 
the same in fundamental detail as that already described for the deter- 
mination of the vertical orientation planes passing through the center of 
gravity (Hellebrandt ect al., 1938). A series of platforms was constructed 
at right angles to each other to permit concurrent registration of the center 
of gravity in the antero-posterior and transverse planes, and changes in 
partial weight were graphically recorded as a constant moving kymogram 
To project the center of gravity into the base of support it was only neces- 
sary to fix the position of the feet in respect to the knife edges of the two 
platforms and establish a kymographic base line. After calibration of the 
instrument, the latter permits the conversion of every oscillation of the 
center of gravity into a change in partial weight, and by equating moments, 
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the center of gravity may be simultaneously established in the two vertical 
orientation planes. A removable foot guide was placed upon the upper- 
most platform for the standardization of the foot posture in Morton’s 
(1935) position of greatest stability in stance. In this footing the lateral 
diameter of structural support approximates the antero-posterior, the toes 
are turned out and the feet form an angle of 30 to 40 degrees. A piece of 
absorbent paper was also placed upon the platform. The subject stood 
in a concentrated solution of potassium permanganate and then carefully 
placed the moist feet in position with the heels touching the posterior ledge 
and the separating block of the foot guide, the fifth metatarso-phalangeal 
joints abutting against the lateral restraints. This provided a durable 


SHIFT OF THE CENTER OF WEIORT 
)\ THE BASE OF SUPPORT 


¢ \ ( DURING THREE Minutes oF 


“QUIET STANDING” 


FIGURE | 
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imprint of the area of under-propping and established lines of reference a 
known distance from the points of support in terms of which the center of 
gravity was mathematically located. All observations were made with 
the subject standing in a natural comfortable stance for three minutes 
during which the gaze was fixed upon a designated point, giving always the 
same visual stimulation. 

RESULTS AND THEIR DISCUSSION. Repeated observations were made on 
a group of ten healthy vigorous young adult women. Many experiments 
have been performed under normal conditions and in association with 
various experimentally produced postural and equilibratory disturbances. 
It has long been known that sway is inseparable from the upright stance, 
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but its magnitude in terms of shifts in the center of weight has n 
experimentally determined nor related to the margins of st 

furnished by the base of support. The center of weight shift 

In a very steady subject its rhythmical oscillations do not exceed one cent 
meter. They may, however, be strikingly large in a vigorous subject with 
good kinesthesia and equilibratory sense. Figure 1 is a reprodu 

the typical response of such a subject showing a high degree of iny 
reciprocating motion during the maintenance of a vertical stance 

ference, by voluntary effort, with the natural tendency to sway reduces t 
magnitude of the shift in the center of weight, but it cannot be entirel 


controlled. The subject trained to avoid interference by cerebral activity, 


shows a very characteristic and consistent oscillatory pattern upon re- 
peated observation when he stands “quietly,” undisturbed by extraneous 
sensory stimuli. Standing must be looked upon as a dynamic phenom- 
enon. It isin reality movement upon a stationary base 

Postural sway is always greater in the antero-posterior than in the trans- 
verse vertical plane. A plumb dropped from the center of gravity of a 
standing subject falls, on an average, 5 em. in front of the ankle joint 
(Hellebrandt et al., 1938). Hence, gravity is a force which constantly 
places a stretch upon the extensors of that joint. Its concurrent effect 
upon the quadriceps and the gluteus maximus depends upon the relation 
of the gravity line to the axes of rotation of the knee and hip joints. Aec- 
cording to the teachings of Sherrington, stretch brings about a_ reflex 
contraction confined to the proportion of fibers influenced by the stimulus 
By thus equilibrating the gravitational stress, the stretch is relieved. As 
soon as it ceases, contraction also gives way. The multijointed biped 
then totters because of the mechanical instability of the orthograde stance 
with its very high center of gravity and relatively small base of support 
In consequence, new sets of stretch afferents are constantly stimulated by 
the incessant shifting of the center of weight. We may thus account for 
the asynchronous rotation of motor units which gives to postural contrac- 
tion its unique indefatigability. It seems highly logical that the auto- 
matic control of postural contraction should find its explanation in postural 
sway. 


CONCLUSIONS 


1. Standing is in reality movement upon a stationary base, sway being 
inse ae from the upright stance. 
The incessant shifting of the center of weight during stance c¢ onsts intly 
gama new stretch afferents, and hence may account for the asyn- 
chronous rotation of motor units which characterizes postural contraction. 
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Using isolated segments of small intestine from the rabbit, Magee and 
Sen (1931) studied the absorption of glucose and xylose when the segment 
was Immersed in sugar-free ‘Tyrode solution and when calcium was with- 
held from the Tvrode solution. In the presence of Ca, glucose y assed 
into the bath more rapidly than xylose, but this result was reversed 
when the bath contained no Ca. This indicated that selective absorption 
is dependent upon Ca-ions in the bath. Later Magee and Sen (1932 
reported that parathyroidectomized rats with blood Ca below normal 
absorbed less glucose than normal rats. When Ca was added to the glu- 
cose these rats absorbed at a normal rate. When CaClo (0.32 per cent 
was added to the glucose given to normal rats absorption was depressed 
but a lower CaCl. addition (0.62 per cent) stimulated absorption. Thy 
absorption of glucose by rabbits with low blood Ca was no. different 
from that of normal rabbits. Gellhorn and Skupa (1933) perfused frog’s 
intestine with 3.15 per cent glucose solution and the intestinal vesse 
with Ringer solution. They found that small amounts of KCl markedly 
increased while CaCl, decreased permeability of the gut to glucose. Me- 
Dougall (1935) has shown that rats reared on a dict that caused a low 
serum Ca absorbed isotome solutions of glucose, xylose and sorbose at 
the same rate as normal rats. The sugar solutions were injected directly 
into the small intestine in urethanized animals. 

The above observations show so much disagreement that it seemed 
desirable to study further the effects of IK and Ca on the absorption of 
glucose. The work here reported was done on dogs with chronic closed 
loops of small intestine, made essentially as deseribed by Burget (1934) 
These animals were in good condition and kept on a constant diet. As 2 
supplement to the work on dogs a series of experiments was carried out 
on normal rats. 

Procepure. The closed loop method has been described in detail by 
Burget, Moore and Lloyd (1932). The closed loop was always washed 
clear of debris with warm physiological salt solution before a ten per cent 
solution of dextrose was injected. After one hour the remaining sugar 
solution was withdrawn from the loop with a syringe and the loop again 
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washed with warm saline. The washings were added to the sugar solu- 
tion, which had been withdrawn, and the whole was diluted to 100 e 
in a volumetric flask. A one to fifty dilution of this was used for suga: 
determination by the Shaffer-Hartman method. When indicated, thi 
dilution was altered to bring the final reading in cubic centimeters of thio 
sulphate used for titration within the limits of 12 to 18 ec. since this has 
been shown to be the amount of sugar most accurately determined by 
this method. 

In using normal rats the procedure described by Cori (1925) was fol- 
lowed. The last food was given forty-eight hours before the experiment, 
but water was left in the cage throughout. The cages had screen bottoms 
that allowed feces to drop out of the reach of the animals. The weights 
of rats varied between 130 and 270 grams. By means of a no. 10 French 
catheter 2 ec. of a 50 per cent solution of the sugar was introduced into 
the stomach. At the end of one hour the animal was killed by a blow on 
the head. The abdomen was immediately opened and ligatures placed 
around the esophagus just above the cardia and around the ileum near 
the ileocolic valve. It was found unnecessary to include the lower bowel. 
After removal, the stomach and small intestine were washed out by fore- 
ing 50 ce. of warm water through them. After making fluid contents 
and washings up to 100 ce. the amount of the sugar was determined. 
Thus the quantity of sugar absorbed was obtained by subtracting the 
amount removed from the amount injected. Pfanstiehl dextrose with a 
specific rotation of +52° was used throughout. 

Resu.tts. The results of the series of experiments on seven dogs are 


shown in table 1. It will be seen that the potassium salt produces a 


definite increase in the amount of glucose absorbed from the intestine in 
one hour while calcium causes a decrease in the amount absorbed. The 
increase in absorption produced by the presence of 0.1 per cent potassium 
chloride may be seen to be approximately equal to the decrease occasioned 
by a similar concentration of the calcium salt when compared to the rate 
of absorption of the pure sugar solution in each individual dog. Due to 
slight anatomical variations in the intestine in all animals it is impossible 
to make the loops of a constant size. This will account in large degree 
for the individual variations in the amount of sugar absorbed in one hour 
when injected in pure solution. The animals with the larger loops ab- 
sorbed the greater amount of pure sugar in one hour’s time and also 
showed a greater variation in quantity of glucose absorbed under the influ- 
ence of Ca and kk than did the animals with the smaller loops. There 
seems to be a direct relationship between the surface area of the loop and 
the amount of variation of glucose absorption occasioned by the addition 
of potassium chloride or calcium chloride. However, the per cent of 
increase or decrease in each animal is quite constant. 
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In the second series carried out with the closed loops the concentrations 


of calcium and potassium salts were altered. As in the previous experi- 


ment 10 ce. of a 10 per cent glucose solution were used to which the elec- 
trolyte was added before injecting it into the loop. This was allowed to 
remain in the loop for one hour. The remaining material was aspirated 
and the loop washed with normal saline. The amount of sugar absorbed 
Was then calculated and the effect of the different concentrations of the 
electrolytes on the absorption rate determined. These concentrations 
varied from 0.03 per cent to 0.15 per cent for each salt. The results are 


TABLE 2 
The absorption of glucose as affected by varying the concentration of the added ¢ lectrolyte 
(the per cent concentration indicated at top of chart) 


Ten cubic centimeters of a 10 per cent solution of glucose were injected and left 
for one hour. The amount of absorption is indicated in grams. 


0.05 0.08 Ik 0.15 K 0.03 


0.541 
0.518 


given in table 2. Again Kk is shown to cause an increase in absorption in 
all concentrations used, and the Ca salt to cause a decrease in each in- 
stance. The potassium caused a gradual increase in absorption as the 
concentration of the salt was increased up to 0.08 per cent. Greater 
concentrations caused no greater rate of absorption. On the other hand, 
the decrease in absorption produced by the calcium salt is definitely 
greater as the concentration of the electrolyte is increased up to 0.15 per 
cent. Concentrations above 0.15 per cent were not used. 

Normal rats that had been kept on a uniform diet consisting of the 


0.03 0.052 0.08 Ca 0.1Ca 0.15 Ca 
PrROL 
Dog & 0.471 O.481 0.472 0.514 0.526 0.488 0.451 0.445 0.444 
0.462 0.487 0.520 0.502 0.508 0.445 0.449 0.458 0.439 
0.472 0.506 0.539 0.507 0.464 0.446 
0.468 0.484 0.499 0.518 0.512 0.530 0.456 0.450 0.451 0.442 
Dog 9 0.288 0.279: 0.309 0.316 0.314: 0.312, 0.274 0.292: 0.261 0.259: 0.253 
0.276 0.291 0.294 0.321 0.322 0.319 0.282 0.266 0.267 0.273 0.244 
0.302 0.279 0.297 0.300 0.280 0.274 0.250 0.267 
0.289 0.294 0.291 0.312 0.312 0.315 0.279 0.278 0.264 0.261 0.251 
Dov 10 0.489 0.492 0.533 0.476 0.450 O.458 
0.474 0.521 0.514 0.468 0.462 0.448 
0.480 (479 0.444 
0.481 0.502 0.524 0.471 0.455 0.450 
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Steenbock stock ration supplemented with whole milk were used t¢ 

the finding on chronic closed loops in dogs. The salts wer 

and 0.5 per cent concentrations in the 50 per cent dextrosé 

When 0.25 per cent CaCl, was used the average absorption was 

cent (min. 36.8 per cent, max. 54.4, 13 rats). The addition of 

cent KCI] to the glucose gave an average absorption of 58.4 per cen 

50.3 per cent, max. 68.3, 15 rats). Six rats given 0.5 per cent CaCl, 

showed an average absorption of 43.9 per cent while six given a like con- 

centration of KC] with the glucose averaged 60.8 per cent absorption 
These observations seemed to leave no doubt as to the influence of the 

two salts under the conditions described. The findings conform to those 

of Gellhorn and Skupa (1933) working on frogs. Magee and Sen (1932 

found that 0.32 per cent CaCl. depressed absorption in normal rats but 

when used in 0.02 per cent concentration the absorption rate was in- 

creased. While the lowest concentration of CaCle used in our closed 

loop dogs was 0.03 per cent, this amount gave a distinct depression in 

almost every instance. There is an advantage in using the chronic 

closed loop in that the experiment can be repeated a number of times on the 

same animal. Magee and Sen obtained an increase in absorption of 


glucose in rats and rabbits, where the serum Ca had been lowered by para- 


thyroidectomy, by adding Ca to the glucose. This work was not con- 
firmed by McDougall (1935). By contrasting the two electrolytes a more 
definite impression as to their action on absorption has been obtained. It 
these results may be explained by alteration of cell permeability by the 
two electrolytes our work conforms to the well established effects of K 


and Ca ions on cell permeability. 


SUMMARY AND CONCLUSIONS 


KC] when added to a 10 per cent glucose solution in concentrations from 
0.03 per cent to 0.15 per cent increases the rate of absorption of the 
sugar solution from chronie closed intestinal loops in dogs; in similar con- 
centrations CaCl. decreases the rate of absorption below normal. The 
increase produced by a 0.1 per cent solution of KCI is approximately equal 
to the decrease brought about by a similar concentration of CaCh. The 
favorable action of KCl] reaches a maximum at about 0.08 per cent under 
these conditions. The retarding action of CaCle increases steadily up to 
0.15 per cent which was the highest concentration used. 

Normal rats given 2 ce. of a 50 per cent glucose solution to which 
KCI was added (0.25 and 0.5 per cent), absorbed more of the sugar than 
rats given a similar quantity of glucose to which like amounts of CaCl. 
were added. 


179 
| 
‘ 


480 JOHN W. GARDNER AND G. E. BURGET 


From these experiments the conclusion is drawn that K ions favor ab- 
sorption of glucose from the intestine while Ca ions retard absorption. 
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In 1935 Nasset, Pierce and Murlin demonstrated a humoral factor in 
the control of intestinal secretion. Later it was shown that a crude ex- 
tract, prepared from the intestines of dogs and swine, when injected 
intravenously excited the glands of the jejunum (Nasset and Pierce, 1935). 
The secretagogue activity of the extracts was not due to their vasodilatin 
content as was shown by the destruction of the former but not the latter 
in boiling alkali. 

This paper deals with the distribution, among various tissues of several 
species, and the preparation of a hormone which is a potent excitant for 
the glands of the small intestine. The name enterocrinin (intestinal 
secretagogue) is proposed for this hormone.' Preliminary reports of this 
work have appeared (Nasset, 1936; 1937). 

Metuops. Chemical. Crude preparations were made by 48 hour 
extraction of fresh tissue in the cold with 3 liters per kilo of 0.03 to 0.05 
normal HC! in 85 to 87 per cent ethyl alcohol. After decantation the 
aleohol was distilled off at low temperature (water bath at 40 to 50°C.) 
and pressure and the aqueous residue finally made up to one-sixth of the 
original volume with water. The pH was adjusted to 5.8 to 6.0 and the 
floceulent precipitate removed and discarded. The clear but colored 
extract thus obtained was the preparation used in the determination of 
the distribution of enterocrinin. 

A much more refined product in powder form was prepared as follows: 
The crude extract (from the small gut of swine) described above, was 
saturated with NaCl without adjustment of pH and the salt precipitate 
removed by filtration at the pump. (The precipitate may be washed once 
with saturated NaCl solution to remove adsorbed vasodilatin but this 
procedure results in a considerable loss of hormone.) The precipitate, 
after drying in air was shaken twice for one or two hours in glacial acetic 
acid (10 ec. per gram). The enterocrinin, together with inactive material 


and some vasodilatin, was precipitated from acetic acid solution by the 


addition of 2} to 4 volumes of ethyl ether. This precipitate, after washing 


! The writer gratefully acknowledges the guidance of Professor Ryland M. Kend- 
rick of the Greek Department in the final selection of the name enterocrinin. 
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with ether and drying, was dissolved in a small volume of acetic acid and 
re-precipitated with ether. A white, amorphous, water soluble powder 
was obtained which was effective in doses of 0.5 to 1.0 mgm. per kilo of 
body weight. Based on the total organic solids present this represents 
a 10- to 5-fold increase in potency as compared with the crude extracts 

A further purification was effected by precipitation with picric acid 
To a water solution (25 mgm. per cc.) of the final product described in 
the previous paragraph was added an equal volume of a saturated aqueous 
picric acid solution. After standing in the cold over night the precipitat: 
was centrifuged off, washed once with half saturated picric acid and dried 
in a vacuum desiccator over H,SO;. The enterocrinin picrate was tritu- 
rated and shaken twice for 2 to 3 hours in a volume of normal HC! equal 
to the volume of the original aqueous solution. The insoluble residue 
was removed by centrifugation and discarded. The supernatant fluid 
was freed of picric acid by shaking with several portions of ether, neutral- 
ized with strong NaOH and taken to dryness at about 60°C. The entero- 
crinin was extracted from the residue with glacial acetic acid, leaving 
behind the excess NaCl, and precipitated as usual by the addition of ether 
This process further increased the potency of the product so that doses 
of 0.2 to 0.3 mgm. per kilo were effective. 

The yields thus far have been disappointingly small, being of the order 
of 25 mgm. from 1 kilo of fresh small intestine. Large losses oeeur in 
the salting out of the crude extract. The filtrate from this step always 
contains a great deal of enterocrinin as well as vasodilatin and no method 
has yet been found which will simultaneously increase the yield of hormone 
and separate it from vasodilatin. 

Assay. The enterocrinin content of all crude extracts and progress in 
isolation of the hormone were determined by the use of the acute method 
described in previous papers, using dogs as experimental animals (Nasset 
and Parry, 1934; Nasset and Pierce, 1935). This method has proved to 
be rapid, reliable and capable of showing small changes in secretory activity 
not detectable with fistulous animals. However, the final trial must 
be made with the latter type of test animal and therefore there are included 
two assays made with a dog bearing a ‘‘second stage’”’ intestinal transplant 
in the belly wall. The technic of the preparation and management of 
this type of fistula was described in earlier papers on this subject. 

Resutts. In the small intestine of the anesthetized dog fluid exchange 
in the intestine is directly related to the intraintestinal pressure (Wells, 
1931; Nasset and Parry, 1934). If appropriate provision be made for 
varying the latter, the apparent basal rate of secretion may also be varied 
at will. In the assay of enterocrinin the basal rate was always set at 
approximately one drop or less per minute. An increase of one drop per 
minute over the basal rate for the five minutes following intravenous 
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injection of any substance was taken arbitrarily to indicate the 
4 significant amount of intestinal secretagogue 
Table 1 epitomizes the results obtained with crude extract- 


as described in paragraph | under Each figure is the 
of two or more experiments. It is evident that enterocrinin is fou 


in the small intestine and colon with the exception that its presences 
the rabbit GI tract appears rather doubtful. This seems to corrobora 
the observation of Florey and Harding (1935a) that a humoral control « 
intestinal secretion in the rabbit is not demonstrable. Furthermore, 
appears questionable whether the human or monkey colon contains enters 
crinin. Nearly all of the extracts represented in table 1 contained vaso- 
dilatins but the response of the intestinal glands apparently is not directly 
related to changes in blood pressure. 

Since many of the extracts necessarily contained secretin, the major 
pancreatic duct) was cannulated in nearly all of the acute experiments 


TABLE 1 
Spectes and tissue distribution of enterocrinin 


(Figures indicate drops of intestinal secretion per minute. Control values it 
parentheses. Acute method) 


SMALI SKF Al 


STOMACH GUT OLON LIVER PANCKEAS KIDNE M 
Dog 0.0) 0.0 0.7) 5.4 0.5) 4.2 0.6) OS O.8) 1.¢ ( 2 
Hog 0.4) 4.2 0.4) 4.6 
Cat 0.6) 0.7 0.3) 1.6 0.5) 4.3 0.7) 0.4 0.2) 0.0 0 ( ( 
Human 0.4) 0.2 0.4) 1.5 0.6) 1.3 
Monkey 0.4) 2.2 0.3) 0.6 
Rabbit 0.0) 0.6 0.6) 1.0 1.0) 1.4 
Cow 1.2) 3.9 


It soon became evident that secretin Was not the substance which excited 
the intestinal glands. In figure la is shown the effect of injecting 5 ce. of a 
crude cat colon extract. The small intestine responded with about 4 drops 
per minute whereas the pancreas remained inactive. This also was the 
first instance in which a crude extract was vasodilatin-free. Figure Ib 
shows the presence of enterocrinin and the total absence of secretin in a 
dog colon extract. The next three records show the activity of extracts 
made from different parts of the GI tract of a single cat. The stomach 
extract (fig. le) contains no enterocrinin and some secretin, the small 
intestine contains both in considerable amount (fig. 1d), and the colon 
is again shown to contain only enterocrinin (fig. le). The blood pressure 
changes were almost identical for the three extracts. The last four records 
in figure 1 were obtained consecutively on the same test animal 

Figure 2 shows five records obtained successively on one animal. —Injec- 
tion of a crude hog gut extract (fig. 2a) is followed by secretion in both 


Effect of injecting 5 ee. crude cat colon extract 
Presence of enterocrinin and total absence of secre tin in dog colon extrac 
Activity of extracts made from different parts of G.I. traet of 
single 
hig No enteroerinin, some secretin; Id both enteroerinin and secretin, It 
only enteroerimin First line below blood pressure is intestinal secretion; the 


second is pancreatic secretion in all figures 


d 


k:ffect of injection of crude hog gut extract 
2b. Effect of acetic acid-ether precipitate from crude extract 
2¢ Showing 3-fold increase in potency and de rease ih vaso-dilatin content 
‘cipitation with pieric acid 
effect of 0.4 mgm. per kilo of vaso-dilatin-free enterocrinin 
Control injection of secretin 


intestine and pancreas, and a profound fall in blood pressure. A dose of 
0.4 mgm. per kilo of an acetic acid-ether precipitate from the same erude 
extract (described in the second paragraph under Methods) provoked a 


3.4 drop per minute increase in intestinal secretion with no effeet upon 
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the pancreas (fig. 2b). The potency of 

fold and its vasodilatin content decres 

acid (fig. 2¢ \ dose of 0.4 mgm 

gave the response reproduced in figure 

three preparations just enumerated did 

check the excitability of the paneredas a do 

2e). It is Common experience to find some entero 

tions of secretin and it is probably this coincidence 
belief, often expressed in text books of phvslology, 
the secretion of the small intestine I] 


r Results from injection of best lots of enterocriniz 
r Intestinal secretion increased 19 drops per minute 


= One-fifth response in intestine from } above 


tion 
Fig. 3e. Effect of 0.17 mgm. per 
Vasodilatin and secretin free 


hig 3d. Control Injection of se 


proot of the existence of secretin-free enterocrinin is sufficient to ret 
this idea. 

Figure 3 shows the results obtained from injection of two of the bes 
lots of enterocrinin thus far prepared. The first preparation was mad 
from dog's small intestine and a dose of 70y per kilo increased the intestinal 
secretion 19 drops (1 ce.) per minute (fig. 3a with a slight effeet on the 
pancreas, One-fourth of this dose (fig. 3b) gave about one-fifth of the 
response in the intestine and contained less than a threshold dose ot 
secretin This indicates a threshold dose of about 6 to S84 per kilo tor 
this lot of enterocrinin Since there was doubtless considerable inert 
material even in this preparation, the indications are that this horm 
effective in rather small doses Figure 3e¢ shows the effeet of 0.17 
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per kilo of a picric acid precipitate from hog gut extract. It is vasodila- 
tin- and secretin-free. The usual control injection of secretin is shown 
in figure 3d. 

In an earlier paper (Nasset and Pierce, 1935) it was demonstrated that 
in acute experiments the intravenous administration of crude extracts 
of hog intestine increased the secretion of the enzymes as well as the fluid 
of suecus entericus. It remained now to put the purified enterocrinin to 
the crucial test of administration to fistula-bearing animals. Several such 
tests were made of which two are represented in figure 4.0 This dog had 
a double fistula of upper jejunum in the belly wall completely isolated 
from its original mesenteric connections. The enterocrinin injected was 
from the same lot as that used in a previous acute experiment (fig. 2c). 
It is evident that the amount of amylase secreted, as well as the volume 


5 Rate 
Deg TK 2nd. Stace 
Apr 2,1937 
Intestinal Secretior 


Fig. 4. Administration of purified enterocrinin to a fistula dog 


of juice, Was quite appreciably increased. Although only amylase activity 
was determined, it is known from other experiments that at least four 
enzymes of succus entericus vary ina parallel fashion (Bourns, Nasset and 
Hettig, 1936). 

Discussion. Agren (1934) reported that his crystalline secretin in- 
creased the intestinal secretion in the cat but he based his conclusions on 
a few results obtained by a method of doubtful validity. The concentra- 
tion of bicarbonate in suecuss entericus varies considerably and, therefore, 
cannot be used as a reliable index of secretion. 

Florey and Harding (1935 b) stated that secretin is the hormone which 
excites Brunner’s glands. The fluid obtained from a duodenal fistula, 
such as used by these authors, is probably only partially secreted by 


Brunner’s glands and, since the secretin administered was not chemically 
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pure, it is quite likely that it may have contained enterocrini: 
confusion concerning the exact functions of these two hormones 
physiology of the intestine can be eliminated only when both of the: 
obtained in the chemically pure form. 

On the basis of experimental evidence presented in this paper it is just 
fiable to conclude that enterocrinin is an intestinal hormone, not previous!) 
described, which plays an important role in the secretion of succus ent 
cus. Its presence in the colon suggests a possible effect on the functioning 
of this organ but no work has been done along this line. However, a fe 
preliminary experiments with the acute method showed that the secretior 
of the ileum is increased by administration of this hormone. It was 
thought also that it might exert some influence on the motility of the gut 
but exploratory observations with the balloon technic failed to support 
this idea. 

As yet not much is known concerning the chemical nature of entero- 
crinin. Aqueous solutions of the best preparations gave positive Millon’s, 
biuret, xanthoproteic, and tryptophane tests, and a negative Molisch test 
It is insoluble in fat solvents. In solution at pH 5 to 6 it migrates to 
the cathode. 


SUMMARY 


1. The name enterocrinin is proposed for a hormone which has the 
property of exciting the glands of the small intestine. 

2. This hormone is obtainable from the small and large intestines of 
several species of animals. The secretagogue activity of crude extracts 
of these organs is not directly related to blood pressure changes because 
vasodilatin-free enterocrinin has been prepared. 

3. Enterocrinin does not excite the pancreas; hence it is separate and 
distinct from secretin. It augments the secretion of enzymes as well as 
fluid, a property usually not ascribed to secretin. 


The assistance of Milton J. Schiffrin, made possible by the Nationa! 
Youth Administration, is gratefully acknowledged. 
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The role of calcium in the coagulation of blood has been reviewed by 
Howell (1, 2) Wohlisch (3) and more recently by Ferguson (4). While, 
as originally suggested by Sabbatani (5) it appears that calcium ions are 
essential for coagulation, and that partial suppression of the calcium ion 
concentration, by means of citrate, for example, suffices to prevent or delay 
coagulation, there are no quantitative data in the literature bearing 
directly upon this relationship. This study was undertaken in order to 
determine the minimum concentration of calcium ions at which coagulation 
occurs, and the relationship between calcium ion concentration and coagu- 
lation time. The effeets of variations in hydrogen ion concentration were 
also considered. 

Metuops. The observations reported depended upon observation of 
the time required for coagulation of recalcified citrated diluted plasma, 
and upon calculation of the Ca*+* concentration from the total citrate and 
total calcium concentrations present. The total protein content of the 
plasma was also determined, but with the concentrations of calcium, 
citrate, and protein present in the dilutions of plasma used the amount of 
calcium bound to protein was negligible, and was disregarded (6). 

Blood (human or dog) was drawn into one quarter of its volume of 2 per 
cent sodium citrate, centrifuged, and the plasma separated. Total calcium 
was determined by the method of Clark and Collip (7) and total citrate 
by a gasometric method essentially as deseribed by Ituyper (8). The 
protein was precipitated by the Folin-Wu reagent, and citrate analyses 
were performed upon the supernatant fluid. Blank readings were ob- 
tained on non-citrated serum from the same animals, and these values 
being small and relatively constant, an average figure was used for correc- 
tion of all analyses on citrated plasma. 

Ca** concentrations were calculated from the total calcium concen- 
tration (which was the sum of the calcium present in the plasma and that 
added in recalcification) and the total citrate concentration. Calculations 
of Ca** concentrations at pH 7.0 or above were made with a nomogram 


‘ This work was aided by a grant from the Josiah Macy, Jr. Foundation 
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constructed from the dissociation constant of calcium citrat 
Hastings et al. (9). At pH below 7.0 the dissociation constant fo 
as determined by Muus and Lebel (10), was also taken into a 


calculations were made by means of a grid nomogram from 


Ca** concentration could be read directly from values for tota 
total citrate, and pH.) Gn account of considerations of spac 
gram is not reproduced but will be supplied by the authors upon 

The validity of the calculations was tested by citrating and recaleify 
serum and comparing the calculated Ca** concentrations with 
observed directly by the frog-heart method. Satisfactory agreement was 
obtained. The validity of the calculations is further supported by the con- 
firmation by Muus and Lebel (10) of the dissociation constant of calcium 
citrate as found by the frog-heart method and as used in these calculations 

Recalcification and observation of coagulation time were performed in 
Wassermann tubes. A series of tubes was prepared containing graded 
amounts of a standard M/10 solution of CaCl. and a constant amount of 
buffer solution (see below) and the volume in each tube was brought to a 
constant amount, usually 1.5 ce., by the addition of 0.9 per cent NaC] 
solution. Citrated plasma, 0.5 e¢., was then added to each tube, and the 
contents were mixed by inversion. The coagulation time was read as the 
time required until the tubes could be inverted without escape of the 
contents. In order to test the possible effeet of dilution upon coagulation 
time dilutions of citrated plasma from 1:2 to 1:6 were compared. Such 
variations as were observed at constant Ca** concentration were small and 
irregular, and within the limits of experimental error 

In some of the experiments at constant pH a uniform amount (0.5 to 
1.0 ce. for 2.0 ee. total volume) of M/10 sodium veronal® buffer solution at 
pH 7.44, determined electrometrically, was added to each tube sy com 
paring buffered with unbuffered plasma it was found that the veronal 
added had no effect upon the Ca** concentration required for clotting o1 
upon the coagulation time. 

Klectrometric pH determinations were made on control tubes, set up 
as in the case of the experimental tubes, except that Cal ls Was omitted 
in order to avoid clotting. 

Effect of varying calcium ion concentration at constant pH. The minimum 
time required for coagulation, at optimum Ca concentration, varied 
considerably in different experiments, but averaged 10.2 minutes for human 
plasma and 5.7 minutes for dog plasma (table 1). In individual experi- 
ments the observed coagulation time decreased relatively little as the Ca 
concentration was increased above 1.25 mM _ per liter. As the Ca** con- 

2 pKcacit” = 3.22; pKcaHcit 2s 

3 We are indebted to Dr. E. S. G. Barron for suggesting the use of veronal as a 
buffer, and for the electrometric determinations of pH 
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centration was decreased below this level the coagulation time increased 
more rapidly until a point was reached at which coagulation would no 
longer occur. The minimum Ca++ concentration at which coagulation 
occurred averaged 0.35+ standard deviation 0.04 millimol per liter for 


TABLE 1 


Constants for human and dog plasma, as calculated from observations at pH 7.0-8.0 
OBSERVED CALCULATED 


Ca 
EXPERI- DILUTION Mini- 
MENT BUFFER OF Maxi mum 
NUMBER PLASMA pH Mini- mum in- coagula- 
effective tion 
effective in 100 time 


minutes 


Human plasma 


mM/L. mM/L. minutes 


w 


Veronal 


Veronal 


WwW bo bo 


40 
IS 
35 
.29 
32} 0.26 


Veronal 


Sh 


‘ 
‘ 
‘ 
‘ 
‘ 


& 


Mean 0.5 


Standard deviation. +(). 04 


plasma 


0.23 
0.23 


12 
Mean 0.24 


Standard deviation. $0.02 


* The brackets [| indicate that the pH was estimated. 


human plasma, and 0.24+ standard deviation 0.02 millimol per liter for 
dog plasma. Tubes requiring more than 100 minutes to clot were not 
included in these observations because it was felt that after longer standing 
other variables might manifest themselves. 


| 

28 1-] 0.37 0.29 11.0 0.40 10.0 3.68 

1-4 0.34: 0.26 9.5 3.86 

1-6 0.30 0.24 12.5 0.86 10.0 3.94 

30 1-4 0.40 0.30 13.0 0 13.0 5.96 

1-4 } 0.40 0.30 11.0 0 9.8 5.01 

12.0 0 11.2 3.55 

31 Pe 1-4 15 0) 9.5 () 8.5 3.47 

1-4 R3 0) 8.5 0) 3.87 

32 1-4 60 0 9.0 Of 9.0 4 44 
1-4 R2 0 6.5 0 6.5 2.98 

1-4 G4 0 7.0 7.0 1.70 

13 1-4 0 13.5 0.8 12.5 3.93 

(te 10.2 0.28 9.6 

+2.2 40.04 41.9 +0.77 

Dog 

$7 1-4 0.18 0.19 3.0 3.27 

38 14 0.18 7.0 0.16 6.0 3.93 

39 0.28; 0.22 6.0 0.22 1.5 2.42 

10) 1-4 0.24) 0.18 5.0 0.18 1.0 1.59 

0.19 O.18 6 2 SS 

+1.1 £0.02) +1.1 +0.8] 
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When coagulation time was plotted against Ca 
curve took the form of a rectangular hyperbola (fig 
each sample of citrated plasma could be fitted with a considerable 


l 
of accuracy to the empirical equation 


(1) 


in which ¢ = time in minutes, Ca**+ = calcium ion concentration in milli- 


mols per liter, A is a constant, and m and n are constants representing the 


asymptotes of the curve. 
alues for A, m and n as 


When different plasmas were compared, the v: 
caleulated from the observations varied considerably (table 1 
sequently, when data from different experiments were plotted together 


(‘on- 


Fig. | 
Fig. 1. Relation of observed values to curve calculated from constants for human 


plasma. Expt. BC., no.31, series A. pH,7.45. Each tube contained 1.0 ce. verona! 
buffer and 0.50 ce. citrated plasma. 


OBSERVED 


100 mM CaCl 154mM NaCl 
t 


minute inwutes 


No clot 
No clot 
62.0 
29 oe 30) 
23. 
18.; 
16 


15 a 12 


64.3 


2) 
25 9.8 2.20 
onstants with observed values 


Fig. 2. Comparison of curve calculated from mean « 


dog plasma 


) $9] 
t=... + 
Cat+ — m 
| 
\ | 
\ | & P\c 
ALCULATE 
Ca 
0.08 ().47 
2 0.04 0.46 
3 0.05 0.45 
} 0.06 0.44 
5 0.07 0.43 } 
6 0.42 
0 
10 0 
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the agreement between the points and a curve constructed from average 
values of the constants was less striking. (Figs.2and3.) The differences 
between human and dog plasma, however, appeared to be definite and 
constant. 

Significance may be assigned to the constants m and n in equation (1) 
as follows: m obviously represents the limiting concentration of Ca* 
and n represents the limiting value for ¢. In physiological terms m is the 
value of Cat* concentration for coagulation at infinite time, and n is 
theoretically the value of ¢ for coagulation at infinite Ca** concentration. 
With respect to the latter it should be pointed out that the relationship 
expressed in equation (1) no longer obtains at very high Ca** concen- 
trations, since under such conditions clotting may be greatly slowed or 


actually prevented (5). The caleulated values for m in table 1, which are 


Fig. 3 Fig. 4 
Fig. 3. Comparison of curve calculated from mean constants with observed values 
human plasma. 
Fig. 4. Relation of coagulation time to pH at constant Ca** concentration— dog 
plasma 


lower than the minimal values of Ca** concentration at which coagulation 
was actually observed to oceur, are extrapolations of the experimental data 
to the conditions at infinite time. 

Effect of varying pH. Only a few experiments were performed in which 
pH was varied in the presence of constant and varying Ca** concentra- 
tions. Data from such an experiment are plotted in figure 4. In general 
terms it may be said that there is little change in the coagulation time 
between pH 7.0 and pH 8.0, and that the optimum pH (at which clotting 
occurs in the shortest time at constant Ca** concentration) les between 
these two values. As the pH shifts further toward the acid or alkaline 
side the coagulation time increases, slowly at first, then more rapidly. The 
greater the Cat* concentration the less is the effect of variation in pH, 
the pH effect being slight at optimal Ca** concentrations and most marked 


foo The 
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at Ca** concentrations just above the minimal effective conc: 

From our data it would appear that a shift in pH is accom 

changes in all three of the constants, A, m and n, of equation 1 

or low pH the minimal coagulation time is increased, as well as th: 

Cat** concentration necessary for clotting. Further analysis of thes: 
changes is not possible from the data at hand. 

Discussion. The experiments reported throw no new light upon thi 
mechanism of the coagulation of blood. They do provide quantitat 
information as to the minimal Ca** concentration necessary for the 
coagulation of blood, and as to the effect of varying Ca** concentration- 
upon coagulation time, and present, in qualitative form, some indication 
of the effects of pH upon both of these factors. It is of interest that the 
minimal Ca** concentration effective in promoting the coagulation of 
blood is, in the case of the dog at least, below the minimal Ca** concen- 
tration reported as being compatible with the life of the animal. (MeLean, 
Barnes, and Hastings (11): 0.35 millimol per liter.) It is also of interest 
that increase in calcium ion concentration above that normally present 
in the plasma (1.25 millimols per liter) exerts relatively little effect on 
coagulation time, and that changes in pH compatible with life do not 
appreciably alter the coagulation time. 


SUMMARY AND CONCLUSIONS 


1. The minimal Ca** concentration at which coagulation of diluted 
citrated plasma at pH 7.0 to 8.0 was observed to occur averaged 0.35 
standard deviation 0.04 millimol per liter for human plasma and 0.24 
standard deviation 0.02 millimol for dog plasma. When extrapolated to 
infinite time these values become 0.28 millimol per liter for human plasma 
and 0.18 millimol per liter for dog plasma. The differences between human 
and dog plasma appear to be constant and real. 

2. The minimal coagulation time, for both human and dog plasma at 
pH 7.0 to 8.0 is approached above Ca*+* concentrations of about 1.25 
millimols per liter. The minimal coagulation time averaged 10.2 minutes 
for human plasma and 5.7 minutes for dog plasma. 

3. For a given plasma at constant pH the relationship between Ca** 
concentration and coagulation time can be expressed by the empirical 
equation 


— m 


in which ¢ = time, Ca** = calcium ion concentration in millimols per 


liter, A is a constant, m is a constant expressing Ca** concentration for 
clotting at infinite time, and n is a constant expressing coagulation time 


$93 
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at infinite Ca** coneentration. The values of the constants A, m and n 
vary for different samples of plasma. 

4. At any given Ca** concentration the minimum coagulation time is 
observed when the pH is between 7.0 and 8.0 A shift of pH beyond thes 
limits in either direction results in an increase in coagulation time, as well 
as in the minimum Ca** concentration required for clotting. The effect of 


change in pH increases with decreasing Ca** concentration. 
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Diurnal variability in mental, motor and sensory performance has beer 
studied by many investigators. The variability in conclusions is as num- 
erous. Curves have been described with a, continuous rise; 6, continuous 
fall; c, morning rise, afternoon fall; d, morning fall, afternoon rise; ¢, no 
curve whatsoever, and various curves with several notches. In 1906 
Marsh (1) published an extensive study in which he reported instances o1 
each of these types of curves. More recently, Freeman and Howland (2), 
in a review of the literature, list many examples of each type of curve 

None of these many workers, however, made any observations of body 
temperature at the time of testing the subjects prior to Kleitman (3) who 


published diurnal curves with morning rises and afternoon falls for speed 


and accuracy of a variety of tasks, such as dealing cards, code transerip- 
tion, multiplication, mirror drawing, as well as the curve for temperature 
observed at the time of the tests. Increase in temperature appeared to 
improve performance markedly. 

The present study was designed to investigate the possible diurnal char- 
acter of rather simple performances, likewise in relation to body tem 
perature. It was also desired to compare the influence of temperature 
fluctuations on simple tasks with their influence on more complicated 
tasks. The performances selected for this purpose were purely sensory- 
motor: reaction to light and reaction to sound, and scnsory-mental-motot! : 
choice reactions to light and sound. 

Metruops. The time required to react to visual and auditory stimuli 
was studied. Five subjects, male graduate students and an instructor, 
participated, each acting alternately as subject and observer. The tests 
were made at various times of the day: at 9 a.m., 11 a.m., 1 p.m., 3 p.m., 
5 p.m., 7 p.m. and 9 p.m., except for one subject (N.B.) who was tested at 
7 a.m.,9a.m., 11:30 a.m., 6 p.m. and 11 p.m. and one subject (N.IN.) who 
was tested at 9 a.m., 11 a.m., 3 p.m., 5 p.m. and 9 p.m. A complete test 
consisted of twenty trials each for a, simple reaction: to white light; 5, 
simple reaction: to sound of a telegraph key; c, choice reaction: response to 


' Aided by a grant from the Rockefeller Foundation. 
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green light, but not to red; d, choice reaction: response to sound of a bell, 
but not to the telegraph key. The choice auditory reaction was added 
after the study had been begun and therefore there are fewer figures for 
that reaction. 


TABLE 1 


Diurnal variation in reaction time in relation to diurnal variation in oral temperature 


AVERAGE REACTION TIME* 
ORAL TEM- 


SUBJECT HOUK OF DAY 
PERATURE 


auditory | Choice: visual uditory 

97.94 155.2 (10) 144.9 (10) 258 

98.18 144.6 (13) 136.3 (13) 248. 

98.34 139.9 (12) 134.3 (12) 236.3 (11) 249.2 

98.60 143.3 (18) 137.0 (18) 234.7 (19) 244. 

98.58 149.6 (9) 141.5 (9) 236.19) | 256. 

98.38 150.4 (8) | 138.0 (8) | 238.8 247. 

97.96 161.6 6) 157.3 6) | 254.7 6) | 266 


97.81 138 
98. 142. 
98. 140 
98. 142 


(5) 135.2 (5) 277 5 249. 
(17) | 134 267.5 (17) | 256 
(16) 248.6 >) | 235 
(24) | 139 250 ‘ 245 
97 .8- 150 136 261.0 (8 233 «2 
98 151 139 255.8 (i 


97 154 276 ‘ 


now tr 


4 
4 
2 | 


bo 


98.18 184.‘ ) 188 298 328.5 
98.16 183.9 178 7 311 296 
98 .7: 181. 187.4 (5) 294.4 (5) 286 .: 
98. 186. 172 K 326.0 (3) | 271.0 
97 .65 190.5 | 183.5 (2) 319.0 (2 
97 223.0 (i 173.8 (: 378.4 (23) 
a.m. 98 . 1: 201.2 169 365.4 (23 
30 a.m. 98 .2 172 5 362.1 (14) 
p.m. 98 . 2° 188.5 (‘ 168 2 348.8 (12 
p.m. 97 203 .5 (1! 370.2 (18 


* Figures in parentheses indicate number of 20-trial periods. 


The apparatus used was a Hipp chronoscope measuring reaction time in 
thousandths of a second (sigmas). <A clinical thermometer held in the 
mouth for five minutes measured the body temperature after each test. 

There was for a time a gradual improvement in reaction time scores, but 
this improvement was not a factor in the influence of body temperature 
which manifested itself at different levels of achievement. 

RESULTS AND DiscussION. The results obtained in this study indicate a 


@ 9 a.m 
11 a.m. 
1 p.m 
3 p.m 1 
5 p.m. 
7 p.m. ) 
9 p.m. ) 
9 a.m. D (4) 
11 a.m. > (11 
1 p.m. § (10 
3 p.m. B (11 
5 p.m. 2 (5) 
7 p.m. B (3) 
9 p.m. » (2 
N. K. ‘ (9) 
1 (5 
(6) 
: (4 
( 
N. B. 
1 
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diurnal curve showing a progressive decrease in reaction tim 

morning and early afternoon and a rise in the late afternoon any 

(table 1). That this variation in reaction time frequently is relate 

diurnal temperature curve can be seen in the sample curve for one of 
subjects, giving the diurnal temperature and visual choice reaction 

to respond promptly appears to be best in the middle of the day when the 
temperature is highest, and poorest in the morning and late evening, wher 
temperature is lowest. 


(fig. 1). Since a small reaction time signifies good performance, the al 


TABLE 2 
The relationship between oral temperature and the reaction 
Subject S. 
EXPERI- NUMBER 
MENTAL oF 20 


GROUP TRIAL 
NUMBER PERIODS 97.5 97 98.0°F 


REACTION TIME WITHIN EACH ORAL TEMPERATURE GRO 
STIMULUS 


o 


I 76 Simple visual 145.5 138.6 140 131.5 135 
I] 68 Simple visual 148.5 142 147 143.1 131 
I] 144 Simple visual 146 140 144 ) 137.3 134 
| 76 Simple auditory 138.2 129.0 135.: 125 128 .: 
I] 68 Simple auditory 134 138.5 139.§ 34 126.8 
144 Simple auditory 137.5) 132.5 137 129 


I 76 Choice visual 295.1; 277 280 281 269.3 263 
II Choice visual 265 255.7) 230 246.3 23 227 
a 144 Choice visual 289 265.5 266.9 268 ; 252.3 232.6 


Temperature groups extend for 0.1°F. above and below the value used to identify 
the group, except for temperature groups 97.5°F. which includes all values up to 
97.7°-F. and group 98.9°F., which includes all values of 98.7 F. and above 

This subject performed 144 complete tests. The average reaction times to simple 
visual and auditory and to choice visual stimuli are presented separately for the 
first 76 tests and for the last 68 tests, then in combined form, as they fall into body 
temperature groups. Although experimental group II (68 tests) yields generally 
lower reaction times than group I[ (76 tests), particularly for the choice visual 
stimuli, the same tendency for decrease in reaction time with increase in temperature 
is apparent 


Fairly good relationship between body temperature and reaction time 
was observed regardless of the time of day, indicating that there is prob- 


ably no diurnal reaction time curve independent of the temperature. On 
the contrary, it would appear that it is always dependent upon the body 
temperature, which, whenever it becomes changed, is accompanied by a 
change in the opposite direction in reaction time. The relationship be- 
tween temperature and reaction time is brought out by the data presented 
in table 2, which were obtained by averaging together the reaction times 


for tests made when the temperatures were the same, regardless of time of 


147 
fime to gt and iu 
134.0 
136.3 
I 135.9 
122.0) 
125.1 
I 124.5 
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day. Thus tests for 9 a.m., 11 a.m. and 9 p.m. might all be averaged to- 
gether if the temperatures at the time of the tests were, respectively, 
97.6°, 97.65° and 97.5°. This inverse relationship is true of both simple 
and choice reactions. 

Further analysis of the temperature and reaction time relationship was 
made by comparing pairs of successive tests made on the same day. The 
paired tests for each subject were divided into groups on the basis of whether 
the oral temperature in the second test was higher or lower than in 
the first. The corresponding changes in reaction time from first test to 
second were then examined for number of increases, decreases, and no 
changes within each temperature change division. The evidence indi- 
cates an inverse relationship between reaction time and body temperature 
changes. There were more than three times as many cases of reaction 
time changes in the opposite direction to that of temperature than there 
were cases of their changing in the same direction. An illustration of the 
effect of changing body temperature on reaction time is shown in figure 2. 

The above data were based on spontaneous, or naturally-oecurring, 
diurnal changes in temperature. The same influence of temperature on 
reaction time can be demonstrated by changing the body posture in the 
manner described by Kleitman and Doktorsky (4). If, after standing for 
one hour, one assumes a horizontal position, after another hour the oral 
temperature will have fallen. In 14 experiments on five subjects that pro- 
cedure resulted in the following changes, with the ranges for the five sub- 
jects given in parentheses: oral temperature, —0.64°F. (—0.45° to —0.90°) ; 
simple visual reaction time, +300 (+6 to +5l¢); simple auditory reaction 
time, +300 (—7 to +720); choice visual reaction time, +27¢ (49 to 
+61o); choice auditory reaction time, +300 (41 to +49¢). Several 
experiments in which the subject first lay down, then stood up, resulted 
in a rise in temperature and an accompanying decrease in reaction time. 

{n an attempt to relate quantitatively temperature and reaction time, 
the data for each subject were graphed, curves fitted by the method of 
least squares and the Van’t Hoff-Arrhenius equation? for the influence of 
temperature on reaction velocities applied. Data on more complex per- 
formances studied by Kleitman (3) were treated similarly. One of the 
curves obtained is reproduced in figure 3, and was drawn to fit the data 
for visual choice reaction time for subject S. T., experimental group II. 
The data are taken from table 2. To test the significance of the magnitude 
of the difference in reaction time in the various temperature groups, the 


> A convenient form for this equation is: In as 1 r.} K, and K, are the 
velocities of the reaction at absolute centigrade temperatures 7, and 7, respectively. 
R is the gas constant, with the value 2. The solution is for the temperature constant 


or “‘characteristic.’’ See Hoagland (5) 
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standard deviations for the mean values for each of the 

every test within the various groups were computed 

ations of the differences between the means of two temperatur 
were then computed, and the ratio of the difference to the 3.1 
difference determined. This was done for three different stimuli in 
different subjects. In all three cases the ratio was better than 3 
the data in figure 3, the difference between the reaction times for thy 
and 98.9° groups is 41.7. The S8.D. of the difference is 7.8. The 


NS 


REACTION 
TiME = RF. 
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TEMPERATURE 


Fig. 1 Fig. 2 
Fig. 1. Diurnal variation in reaction time to choice visual stimuli for one subject 
Reaction time, upper curves, in sigma. Temperature, lower curves, in degrees 
Fahrenheit. 
Fig. 2. The relationship between changes in body temperature and changes in 


, based upon 120 pairs of observations, usually 


visual reaction time for subject S 


a. 
B 


separated by two or three hours. ody temperature changes are plotted along the 
ordinates and reaction time changes along the abscissae. In most cases a change in 
body temperature in one direction is accompanied by a change in reaction time in the 
opposite direction, 95 cases (58 + 37) showing this relationship, against 25 cases 
(16 + 9) where the body temperature and reaction time varied in the same sense 

Fig. 3. The relationship between body temperature and reaction time to choice 
visual stimuli. The curve is fitted by method of least squares. Data from table 2 
experimental group II. For purposes of obtaining an expression of the relationship 
in terms of the Van’t Hoff-Arrhenius equation the log of the reciprocal of the reaction 
time is plotted against the reciprocal of the absolute centigrade temperature. The 
u value for the combined groups II and I, a total of 142 tests, is 45,580 


ence is 5.35 as great as the S.D. of the difference, which makes it) un- 
doubtedly significant. 

Although there was not very good agreement for the w values obtained 
for the same task for different subjects, and there were several instances in 
which the fits were judged poor and doubtful, there did appear a suggestive 
grouping of the various performances analyzed on the basis of temperature 
characteristics. The simpler tasks have relatively low temperature co- 
efficients; the more complex tasks are characterized by higher coefficients 
The simple reaction times, both to light and to sound, yielded values of 
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26,000 calories, the choice reaction time had values of about 45,000 cal- 
ories.’ Similarly, the data from Kleitman (3) yielded values of 23,000 
cal. for sorting of playing cards, but gave higher values of 40,000 to 54,000 
calories for the more complex tasks, such as speed of code transcription, 
mirror drawing, and multiplication. Accuracy of the above tasks showed 
an improvement many times greater than the velocity of the task, with 
the same increase in temperature. 

The » values obtained and their grouping according to the complexity 
of the process whose velocity is being measured gain added interest when 
compared with those for 360 different biological reactions listed by Crozier 
(7). In Crozier’s paper is published a graph showing multimodal fre- 
quency of occurrence of certain uw values. Clear modes are exhibited at 
8, 11, 12, 16, 18, 20, 22, 24 and 32 thousand calories. In no case did the 
comparatively simple biological processes listed by Crozier have values 
as high as those obtained by us for the more complex mental and motor 
performances. It would appear that the relatively more potent effect 
of body temperature on the velocity of the more complicated processes, 
particularly mental processes, would result in a greater diurnal variability 
in the rate of these performances than in the variability of the simpler 
processes. 


There is a definite difference in the degree of mental activity required of 
the subject between the performance designated as simple reaction and 
that called reaction with choice. In the former alertness is all that is 
required, but in the latter where the individual is to respond to one type 
of signal and not to another, analysis and judgment are the added require- 
ments. That is reflected in the longer time, roughly one-tenth of a second, 
needed for reaction with choice. Whereas there may be room for argu- 
ment concerning the “mental” nature of simple reaction, there can be no 
question about the process of weighing the evidence which is inherent in 
making the choice. It is significant that the effect of temperature is more 
marked with respect to reaction with choice than in simple reaction. Sub- 
jectively, the individual tested could allow his mind to wander when his 
simple reaction time was measured, just getting ready for responding when 
he received the preliminary warning of the imminence of stimulation, but 
he had to be ‘‘on his toes,” figuratively speaking, throughout the period of 
the testing of his reaction time with choice, if he wished to avoid mistaken 


> values of 26,000 and 46,000 calories correspond, roughly, to Qio values of 5 and 
10, respectively. 

‘We were able also to confirm the value of 29,400 cal. obtained by Hoagland and 
Perkins (6) for the heart rate inman. Their value was computed from data obtained 
for a range of about 6°F., achieved by use of diathermy to elevate the temperature 
Our value of 30,300 cal., computed from Kleitman’s data (8) was obtained over a 
normal range of 0.75°F. 
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responses and reprimands from the observer. To our knowle: 
effect of body temperature on reaction time with choice is the firs 
proof of variation in mental work with body temperaturs 

Assuming that the effect of temperature indicates that we ar 
with a chemical phenomenon, there are two interpretations of the rela 
ship between temperature and reaction time possible: either a, ment 
processes represent chemical reactions in themselves, or 6, the speed of 
thinking depends upon the level of metabolic activity of the cells of the 
cerebral cortex, and by raising the latter through an increase in body tem 
perature we indirectly speed up the thought processes. 


SUMMARY 


1. There is a diurnal variation in simple and choice reaction times in 
man, with best performance in the afternoon and poorest early in the morn- 
ing and late at night. 

2. This variation appears to be dependent upon the diurnal body tem- 
perature curve being maintained. <A spontaneous or induced change in 
body temperature is reflected in a change in the opposite direction of 
reaction time. 


3. The influence of changes in body temperature is more pronounced 


upon complex than upon simple processes and performances. 


We are indebted to Messrs. 0. Berg, N. Brewer and L. Moses for their 
assistance in this study. 
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That alterations in physiological behavior are associated with growth 
of the body is an obvious biological event. The measurement of such 
alterations at different periods of life, their increase or decrease, and the 
rate of these changes—whether rapid or slow -has not been frequently 
undertaken especially in late adult life. 

To add to knowledge of the behavior of the body after age 40 is becoming 
increasingly important, because of the increase of the population in the 
older decades and, therefore, the greater number of affections in the aged. 
For this reason to possess analyses of physiological changes between the 
7th and the 9th decades has become desirable, for changes barely detect- 
able in the 5th and 6th have then advanced so as to be clear and measur- 
able. The meaning of the changes, noticed earlier, for the subsequent 
development of chronic degenerative diseases, can then be appreciated. 
To be able to make correct descriptions, measurements illustrative of these 
changes should be collected in an orderly and systematic fashion. In 
the light of the results, correlations indicative of the interdependences of 
various organs, as for example of kidneys, heart and lungs, can then be 
undertaken. 

The study now reported has proceeded from this point of view. It is 
concerned with the period of human life after the fortieth year. The 
subjects were men, apparently healthy. The functions observed have 
been 1, the metabolism of the body in terms of the consumption of oxygen; 
2, the volume of blood put out by the heart per minute, in association with 
certain related functions; 3, the blood pressures; 4, the ability of the 
kidneys to remove the products of nitrogenous metabolism from the blood, 
and to concentrate the urine; 5, the amount of certain substances in the 
blood related to the activity of the kidneys and to the state of the arteries; 


6, the vital capacity of the lungs; 7, the electrocardiograms; and 8, the 


state of the heart, great, and long arteries as shown in roentgenograms. 
' An abstract of these studies was read before the American Society for Clinical 
Investigation, April 30, 1934. 
This paper is no. 17 of the series on Physiological Ontogeny. 
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CHANGES WITH AGE IN BASAL METABOLISM IN ADULT 


There were one hundred men, between ages 40 and 90 year- 
each decade, and besides, two men, aged 91 years and one, 10] 
All were physically active; none was an inmate of an institution 

Plan of observations. Each subject was admitted for observatir 
two days. During the first, the history was taken, the physical exami: 
tion was made, and the clearance of urea by the kidneys was me: 
A rehearsal in the procedures employed in estimating the basal metaboli 
and the cardiac output was undertaken. On the morning of the second 
day, these functions and the blood pressures were measured under basa! 
conditions—the subject at rest, after the night's sleep and fourteen hours 
after the last meal. Blood for analysis of lipid and calcium content was 
obtained during the fasting state. Arterial blood for estimation of oxygen 
saturation was collected under oil from the radial artery. The electro- 
cardiograms and the x-ray photographs of the heart, lungs and extremities 
were taken. The conditions surrounding the men studied in these reports 
were unusual. They were in hospital and had been there over-night 
If the levels of measurement obtained were lower than is usual, it must be 
due to a state of relaxation of these men. Relaxation is not necessarily 
the ideal state. It marks a low level of activity, not necessarily the 
lowest, between which and various degrees of exertion, the consequences 
of exertion can be observed. To be observed at the low level of relaxa- 
tion has the value of permitting estimates to be made of effects entailed 
by work. 

The basal metabolic rate. The basal metabolic rate of uniform groups 


representative as were these of the five decades beginning with the 5th, 


has not before been studied. After age 70, the number of measurements 
so far reported is limited (table 1). Even so, as will appear, although the 
number has been sufficient to learn that the general course of the curve 
during these decades is downward, it has been insufficient to describe its 
form in detail decade by decade. The Benedict-Roth universal apparatus 
was used in most of the cases; the Sanborn apparatus in the rest. The 
average of two tests was regarded a correct measurement if the two agreed 
within 6 per cent (1). If the respiratory quotient is regarded as being 
0.82, as is permissible, the error of the measurement does not exceed 1 to 
2 per cent (2, 3, 4). Throughout adult life, the quotient undergoes no 
significant change (5, 6). 

The calculations of the basal metabolic rate of normal individuals may 
be presented in two ways. Age, sex, height, enter, of course, as factors 
into the calculation. The difference in the curves between Harris and 
Benedict and Du Bois lies in an advantage which Benedict gave to weight 
weight having a value, so far as the basal metabolic rate is concerned, 
greater than the other components in the calculation. This procedure 
has been usual. Both Harris and Benedict (7) and Du Bois (4, 8) have 
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taken these factors into account. There is a difference between them 
however in that Du Bois uses the area of the body surface as a proportional, 


but not causal, measurement of the metabolism, and that Benedict predicts 
the metabolism from body mass, calculated from an equation based on 
direct physical measurements and considered to be not only a proportional! 
but also a causal measurement of the metabolism. 

Inasmuch as the former uses height and weight in the calculation of 
surface area and the latter in the calculation of body mass, the practical 
differences due to the slightly different height-weight factors are small 
(9,10). More marked discrepancies in their curves are due to differences 
in values attributed to age and sex as factors (9). 

THE REsULTs. Each of several aspects? of the results deserves at- 
tention. 

a. It is, of course, well known that in a given class of individuals the 
results of measuring the metabolic rate are scattered over a range some- 
times of considerable extent. Of a group selected according to specified 
criteria, a single figure may not, for this reason, be regarded as descriptive 
of each member. Actually, no such figure exists. An average may be 
ascertained and the deviations from that average of all the individuals. 
The deviations are to be regarded as being equally important as is the 
average. To discover a scattering, a range of measurements, is in any 
case the usual experience. That this is a fact deserves and indeed requires 
recognition. The measurements which have been obtained illustrate 
this common experience (fig. 1, table 2). In the age group 45 to 49 years, 
the several deviations from the mean ranged from —15.1 per cent (30.2 
calories per square meter per hour in a Y.M.C.A. secretary) to + 10.8 per 
cent (39.2 calories in a Captain in the New York Fire Department). At 
other age levels similar scattering occurred. In the low range in a younger 
group, cases are therefore found at the same level as in the high range of 
an older one. At age 82 an active retired Colonel, U. 8. Army, (number 
LXXXVII) for example, exhibited a rate of 38.2 calories while at age 72, a 
president of a large New York department store (number LXX), one of 
28.1 calories. And yet the rate of the oldest man studied (101 years) 
was only slightly less than this, though his vigor was on a distinctly 
lower plane. 

b. In a large population exhibiting a wide age span, the metabolic rate 
varies conceivably with age. There are in fact data, already published, 
which indicate that this is a fact. A single average figure is, therefore, 
undoubtedly not descriptive of the metabolic level of the entire population. 

It is apparent that the level of the basal rate undergoes a progressive 
decline (fig. 1) with advancing age and that the decline is described by a 


2 These aspects (a b ¢ d) of this study are still under investigation. 
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Me asurements of basal metabolism 


HEIGHT 
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GROUP 
HEIGHT 
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40) 174 
40 164 
$1174. 
41175 
$1175. 
43.178. 
44 165.; 
44 163 
$4175 
44.179. 
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15'175..! 1508 
15 180 1688 
45.172 Q; 1397 
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16173.5 7: 1626 
17 180) 21.3 522 
17 181 1827 
18 165 5! 1487 
$8177 .: 93 23 1605 
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Of} 1424 
XXII £ 1709 
XXITI | 56.! 1473 
XXV 1358 
53 1536 
XXVII 1570 
XXVIII! 53 169 1334 
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XXXII | 55:175.! 
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XXXIV 56178 
XXXV | 57/163. 
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| 58172 
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2 
falen of the a 
META 

10-44 | 83.61.98 | 257 1788 21.4 74.5 37.6 
I] 64.21.68 228 1579 24.6 65.8 39.2 +5.3 +2 3 

Ill 66.41.79 263 1831 27.6 76.3 42.6416.3 4 | 
IV 71.71.85 | 253 | 1757) 24.5: 73.2; 39.6. +6.4 +3 3 
V 70.81.85 238 1654 23.4 68.9 37.2 +0.8 3.0 
VI 70.1/1.85 | 233 | 1622, 23.1! 67.6 36.5 0.5 +9 
VII 56.51.60 204 | 1421 25.2 59.2 37.0 +3.6 3.5 
VIII 54.211.57 | 191 | 13825 24.4 55.2 35.2 
IX 98.72.14 251 1747| 17.7) 72.8, 34.2 12.7 12.0 
a 70.81.88 | 219 | 1522 21.5 63.4 33.7 rey: 3.6 
‘rage 1 819 Average +1 O01 $2 
45-49 XI 23.7; 62.7 35 0.5 Hos 
XII 23.9 70.3 37 +3.3 
NII] 17 58.2 30 19.0) 25.0) 
XIV 24 62.8 37 +43 1.6 
XV 21 67.8 36 1.8 i 
XVI 21 63.4 33 58 
XVII 24 76.1 39 +88 +3.6 
XVIII 26 62.0 36 111.9 5.0 
XEX 21 66.9 33 1.3 12.5 
XX 25 60.0 36 5 2 2 4 
Average 1 816 Average +() 2] hs 
50-54 18.1 59.3 30.3 —16.4 Ik 5 
24.2 71.3 38.1 +8.0 42.4 

26.1 61.3 37.2 +8.0 0) 
19.9 57.4 33.4 6.8 10.2 
20.9 56.6 33.2 5.8 10.8 
21.8 64.1 35.6 +0.7 bz 
20.7| 65.4; 34.4 3.5 7.5 
28.1 55.5 36.54+10.4 1.9 
24.5 83.3 42.9418.3 415.3 
26.6 65.3 38.94+14.7 + 4.6 
Average +28 
55-59 ) 77.01.94 209 1452 18.9 60. 31.2 —11.9 14.8 
61.01.74 | 203 | 23.1 58 33.8 
80.01.96 222 1542 19.3 64 32.8 | 1.4 
} 68.01.72 | 177 | 1230) 21.2 51 29.8 —10.6 18.6 
|} 76.51.81 | 222 | 1542 20.2 64 30.8 0.6 3.0 
» 61.81 77 | 201 | 1397) 22.6 58 32.9 1.1 10.0 
) 71.61.83 194 1348 18.8 56 30.2 —11.3 17.5 
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0, 87.22.00 | 257 
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5 74.81.86 | 226 
0 54.41.65 | 188 


64164.0 76.61.82 205 
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Average 1.798 
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67 182.0 87.82.09 | 249 
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73171.0 80.81.92 | 248 
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1793 23.4. 74.8 39.4411.2 +7.7 
1278 17.6 53.3, 29.0 —16.3 20.8 
1702 19.4 70.8 34.4 3.6 6.0 
Average —5 2 10 1 

1529 23.3 63.8 36.7 +8.4 +1.9 
1403, 22.7, 58.6, 34.7, +2.2 3.7 
1466 21.8 61.2 +3.8 0.8 
1598 22.3 66.7 36.4 +6.5 | +1.1 
1494 22.4, 62.2 34.9 +3.6 3.2 
1647, 18.1; 68.7; 32.9 8.6 | —9.4 
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1570, 21.0) 65.4, 35.2): +3.0 | —2.3 
1306) 24.0; 54.4) 32.1; +4.2 |-12.1 
1299) 25.1, 54.1) 34.5 +9.9 | —4.3 
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1174 19.9, 49.0 31.6 —11.3 
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1723) 21.3) 71.7) 37.3 +6.7 
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modified by Boothby and Sandiford (1929). 
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straight line if the measurement is taken of the entire population between 
ages 40 and 89. The progressive decline is expressed by a regression curve 
which is derived from the use of the equation # 


Calories = Me + rac =. (=C) (Mc) (A — M,) 
— (SA)(M,) 
in which C = calories per square meter per hour; A = age in years; M 


= mean. Since r (the coefficient of correlation) is negative the solution 
of this equation is: 


C = 39.138 — 0.0678 « A 
When A = 40, C = 36.426; and 

A = 89,C = 33.106 (fic. 1). 
For the 50 year period the regression is accordingly 3.32 calories or 9.1 
per cent. For each of the five decades beginning with age 40 it is 0.664 
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lig. 1. Basal metabolism in normal men over 40 years of age. 


@ individual observation, 


regression of metabolism on age of 100 men, aged 40 to 89 years, twenty 
in each decade, with standard error of estimate ----------- . 

Fig. 2. Basal metabolism in normal men over 40 years of age grouped according 
to half decades of age. 

Hollow rectangles with solid dots represent the mean of 5 year classes, + standard 
error of mean of age and of metabolism. | 
+ + Ne. 


(Allowance for number of observations in each group.) 


curve smoothed according to 


lor the methods of statistical analysis employed in this and subsequent papers 
see Fisher (11), Wallace and Snedecor (12), and Ezekiel (13). 
* If, instead of a uniform distribution of 20 men per decade, the whole experience 
ranging from 40 to 101 years is taken, C = 39.481 — 0.0744 * A. In this case the 
curve is slightly steeper (fig. 4). 
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calories. Since the coefficient of correlation of metabolisn 
0.3328 +0.0889 a highly significant negative correlation appe 
exist (table 3). 
ce. Though the curve just given represents the course of events 
expression of the trend between ages 40 and 89, the facts actua 


TABLE 3 
Summary of results of the statistical analysis of the 


the data intahie 2 


SAL METABOLISM ALORIES 
K SQUARE METER PER HOUR 


n 

10 

ORKELATION 
PLA 
itt 


VARIATION 


e 
7 = 
4 7, per cent 
40-44 42.20 10 7 42.6 37 2.55 O.848 6.8 0 7305 +6 447 
j 45-49 46.60 10 30.2 39.2 5 6 2.40 O.800 0.1959 ( 0 
0-54 52.00 10 50 42.9 36.1 5 1.118 9.3 0.5837 40.2198 2 
57.10 10 29.0 39.4 2.9 2.99 0.984 0.2190 0.3173 0.7 
60-64 62.31 13 1.9 7.2 4.8) 1.7 0.50 5.0 0.4994 0.2167 2 
65 69 66.67 7 3.4 39.1 6.3 1.86 0.761 5 1 0.3675 +¢ 9 
70-74 71.46 13 28.1 37 4.4 2.50 0.723 0.1239 +0.2542 0 4 
75-79 76.43 7 32.9 $0.4 34.5 1.08 0.43 1 +0.2562 +0.3815 0.7 
81.64 14 27.6 38.3 3.7 2.96 0.820 5.6 +0.2395 +0.2614 
85-89 «86.33 6 31.4 8.0 33.4 2.24 1.002 6.7 0.2747 +-0.4204 0.7 
90-94 «91.00 2 30.1 30.5 30.3 0.20 0.200 07 0 0 ( 
101 1 28.7 
| 40-49 44.40 20 0.2 42.¢ 6.4 2.62 0.601 7.2 0.4439 +0.1842 2.4 
50-59 20 29.0 42.9 34.5 53 0.809 10.2 0.2181 +0.2185 
60-69 63.80 20 31.9 39.1 ».1 1.99 0.451 0.7 0.2501 +0.2151 1.2 
0-79 73.20 20 28.1 37 4.4; 2.31 0.485 6.1 0.0110 +0.2294 0.005 
S0O-89 83.05 20 27.6 8.0 33.6 2.77 0.634 8.3 0.0018 +0.2294 0.0005 
90-101 94.33 ; 28.7 30.5 29.8 0.77 0.546 2.6 0.7336 +0.3267 2.2 
| 40-64 | 52.63 53 290 42.6 35.2 2.99 0.410 8.5 0.3403 +0.1215 2.8 Significant 
| 65-89 76.40 47 27.6 39.1 34.4 2.54 0.371 7.4 0.3427 +0.1287 2.7 “ignihea 
65-101 77.48 50 27.6 39.1 34.1 2.71 0.383 0.4439 +0.113¢ Highly gnificant 
; 
40-89 63.80 100 276 42.6 34.8 2.82 0.282 —0.5928 +0 0889 
40-101 64 69 103 27 .€ 42.6 34.7 2.91 0.256 S.4 0.3735 +0.0848 4.4 Highly significant 


a more complex presentation if the mean levels at succeeding decades or 
half-deeades are taken into account. It has been necessary to learn, 
therefore, what the average basal rate is in each successive age group 
The mean values have accordingly been ascertained decade by decade 
and at half-decade intervals (table 3). 
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The decline is less orderly if the averages obtained in five-year groups 
are plotted (fig. 2), more orderly if those of ten-year periods (fig. 3) are used 
At 40 to 44 years, the mean value was 37.28 calories per square meter per 
hour, and at 45 to 49, 50 to 54, 65 to 69 years it was approximately 36 
calories, but at 55 to 59 years an unexpected irregularity brought about 
a fall in the curve to 32.9 calories. After age 70 the mean values were 
found progressively to fall. 

If, instead of the means at five-year intervals, those of whole decades are 
plotted, the resulting curve takes on a more orderly or consistent ap- 


65 89 
70-63 
* 
4 : 60 80 90 100 6 0 
Age Agt 
Fig. 3 Fig. 4 


lig. 3. Basal metabolism in normal men over 40 years of age grouped according 
to decades of age. 
Hollow rectangles with open dots represent the mean of 10 year classes, twenty 
men in each class, + standard error of mean. 
a+2b+ ec. 
curve of 10 year means smoothed according to ' 
curve of regression, 40 to 89 years. 
Fig.4. Basal metabolism in normal men over 40 years of age. Curves of regression 


of various age groups. 


pearance (fig. 3). There is then a decline which is gradual through the 
6th, 7th and 8th decades. 

It is improbable that the curve as now presented is definitive.’ It 
seems necessary to believe a smooth curve is descriptive of the course 
of events. 

From what is already known of changes in the rate of metabolism it is 
not unexpected that after age 40 the slope of the curve which describes 
them undergoes inflection. It is only in the earliest years that the level 
rises sharply. Afterward it exhibits declines, at various rates, or steadi- 
ness. The declines are marked in childhood (ages 2 to 12) and again after 


5 This situation is not unique. See Harris and Benedict (7), pp. 120-122, and 
Du Bois (4) pp. 126-128. 
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adolescence (4, 10, 14, 15, 16). During adolescence the rat 

may be the same (14, 15, 16), or more probably arrested (1, 4, 17, 18, 14 
The period of greatest steadiness is found between 20 years and 40 ye 
though here also there is a slight decline. A decline then sets in aga 


about the exact ature of which there is doubt. As the result of 
study no more can be definitely inferred than that the slope of the eur 


of regression undergoes one or more inflections between its end poi 


TABLE 4 


Basal metabolism in normal adult men by half-decad f age between 40 and 1 . 
1 2 3 4 
BASAL METABOLISM. CALORIES PER HNANCES OF BEING NORM AHE®S 
SQUARE METER PER HOUR FROM ME N ISM 
AGE GROUP 
Standard error Is 21s 
estimate S 

yrs per 
1)-44 36.4 2.69 7.0 15.0 18.5 
45-49 36.1 2.69 4.0 15.0 19.0 
50-54 35.7 2.69 7.5 15.0 190) 
55-59 35.4 2.69 15.0 19.0 
60-64 35.0 2.69 1.5 15.5 19.5 
65-69 34.7 2.69 8.0 5:5 19.5 
70-74 34.4 2.69 8.0 5.5 19.5 
75-79 34.0 2.69 16.0 
80-84 2.69 8.0 6.0 () 
85-89 33.3 2.69 8.0 6.0 1) 
90-94 32.6 2.40 8.5 17.0 21.0 
95-99 32.3 2.43 8.5 7.0 21.0 
100-104 31.9 2.73 8.5 en 21.0 

* The results from 40 to 89 are calculated with the use of the equation 

Calories per square meter per hour = 39.138 0.0678 * Age; 
and from 90 to 104 vears with the use of the equation: 
Calories = 39.481 0.0744 & Age 
The chances of being normal are given when the variation from the average value 


{ 


(column 2) is greater than one standard error of estimate (1 chance in 3, column 4 


2 times the standard error of estimate (1 chance in 20, column 5); and 2} times the 


standard error of estimate (1 chance tn 100, column 6) 


(40 and 89 years) (fig. 4). The accumulation of more measurements 
should make it possible to define with reasonable accuracy precisely what 
the course of the curve actually is in the long period of decline from 40 to 
90. There are of course a number of possibilities: 7, that the plateau of 
middle life is prolonged; 2, that it descends in a fashion illustrated by an 
S-shaped curve; 3, that after a period of 15 years, until 55 years, it remains 
level, thence to descend in a manner illustrated by a parabolic curve 

The values given in the equation in paragraph b are recapitulated in 
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table 4. The standard error of estimate for the men, 40 to 89 years of 
age, is 2.69 calories per square meter per hour. The chances of being 
average are given in table 4 and figure 6. 

Discussion. The state of knowledge of the changes in the rate of 
metabolism with age, at least in the later decades, is not yet in a satis- 
factory situation as a study of all the measurements over 40 years of age 
now available indicates (table 1). 


6 


per sqm per hr 


Variation from average value 


Ape 


Fig. 5 Fig. 6 

Fig. 5. A. Comparison of the regression curves obtained from the present study 
with those of Harris and Benedict (1919) and of Du Bois as modified by Boothby 
and Sandiford (1929), and Boothby, Berkson, and Dunn (1936). 

a, regression by prediction equation, Harris and Benedict (1919) 

b, regression by 5 year means, Boothby and Sandiford (1929) 

c, regression by 5 year means, Boothby, Berkson, and Dunn (1936) 

d, regression by prediction equation, this study. 

B. Curves based on the present study of 5 year groups. 

b, as in A. 

d, as in A, 

¢, regression by 5 year means for subjects of this study calculated from tables by 
Harris and Benedict (1919). 

f, regression by 5 year means, this study 

Fig. 6. A curve showing the probability that the observed basal metabolism is 
normal expressed as variations from the average value in men over 40 years of age 

*The phrase used for this expression by Ezekiel (19380) is the ‘‘probability of 
specified departure’ from the average value 

Note: When in an individual the basal rate differs 6.7 calories from the average 
the chances are only 1:100 that this measurement is normal 


When the straight curve resulting from this analysis is compared with 
that of Du Bois as modified by Boothby and Sandiford (16), and by 
Boothby, Berkson, and Dunn (20) and with that of Harris and Benedict 
(7), its slope is less steep than that of the other two,—0.7 calorie per 
square meter per hour against theirs of 1.3, and lies about mid-way between 
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the two (fig. 5). The divergence of the Harris-Benedict « 

in the later years. The cause of this is not quite certain, but i 

on the fact that their sample contained predominantly 
There were only eleven individuals over age 40 and none old 
There exists also the factor of greater variation in the met: 
elderly subjects, noted again by Du Bois (4) and Benedict 
further recent experience. 

Variations such as these recall the statement of Gephart and Du Boi- 
(22)’ that “the selection of a proper normal base-line is a matter of great 
difficulty”? and the one of Harris and Benedict (7)* that ‘‘the difficulties 
associated with variations in basal metabolism suggest that the difficultie- 
of the selection of proper controls have been underestimated rather than 
overestimated in the past.” 


CONCLUSIONS 


1. The basal metabolic rates have been studied in 100 normal men, 20 
in each decade from 40 to 89 years. In addition measurements were 
obtained of 2 men at 91 years, and one at 101 years. It was found that 
the rate of metabolism falls between 40 and 89 and that the fall can be 
expressed by the equation: The calories lost per square meter per hour 
= 39.138 — 0.0678 X age. The negative correlation is — 0.3328 +0.0889 


and is highly significant. In each decade, the regression is 0.664 calorie 


per square meter per hour. 

2. The mean values in succeeding decades suggest that the rate of 
decline of the curve is not straight but may be arrested between 50 years 
and 79 years. The curve obtained is not smooth; were more than 20 
individuals examined in each decade it might become so. That variation 
in each age group exists has been learned again in this investigation. — In 
any 5 or 10 year group the maximum deviations from the respective means 
were —18.3 and +24.4 per cent. The standard deviation, the standard 
error of the mean and the coefficient of correlation have therefore been 
ealeulated in 5, 10 and 25 year groups. 

For the entire series (40 to 101) the mean is 34.667 calories per square 
meter per hour; the standard deviation is 2.906 (8.4 per cent of the mean 
and the standard error 0.286 calories. For the evenly distributed group 
(40 to 89) the mean is 34.814, the standard deviation 2.813 (8.1 per cent 


® Du Bois (4), 3rd ed. revised, 1936, p. 171 ‘“‘Wemay conclude that there is a great 
deal of variation in old people, probably depending upon the degree of senility, and 
that if the general slope of the lines of the standards are continued into old age, the 
Harris-Benedict level is somewhat too low and the Aub and Du Bois and Boothby 
a little too high.’’ 

P. 857. 


P. 224. 
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of the mean), the standard error of the mean 0.282, and the standard 


error of estimate 2.69 calories per square meter per hour. 
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CHANGES WITH AGE IN THE CARDIAC OUT 
IN ADULT MEN! 


WILLIAM HALL LEWIS, JR 
From the Hospital of The Rockefeller Institute for Medical Researe 


feceived for publication August 16, 1937 

The maintenance of a usual volume of output? of blood per minute from 
the heart is among the important functions of the circulation. This 
volume in normal young men and women under so-called basal conditions 
has been found, in recent years, to be 2.2 +0.3 liters per square meter of 
body surface (1). In the same individual under the same conditions the 
amount is the same from day to day. It is approximately the same, 
furthermore, in individuals of the same sex and size of body. But whether 
it remains the same, irrespective of age, is still unknown. A few measure- 


ments have been made in children (1b), in whom the index, in keeping 


with their higher metabolic rate, is relatively higher than in adults. From 
other publications may be collected the results of a few measurements, 
made for other purposes, in individuals over forty years of age. But 
knowledge of the variation of the cardiac index with age is, as Grollman 
(1b) has pointed out, deficient. 

This communication reports the changes in the volume of the index 
which takes place under basal conditions, in normal men over forty years 
of age. The subjects were one hundred men from forty to eighty-nine 
years, twenty in each of the five decades; there were in addition two men 
of ninety-one, and one of one hundred and one years. They were the 
same men who were described in the preceding report (2). They were 
studied under uniform and basal conditions in the manner there described. 

Metuop. For measuring the cardiac output the acetylene rebreathing 
procedure was employed. Accuracy in technique in the use of the method 
requires: 7, that complete diffusion of the gas mixture in the lung-bag 
system be attained before the first sample of gas is taken for analysis; and 
2, that later samples be taken before blood containing acetylene has 
returned to the lungs. In normal young adults, six deep respirations in 
15 seconds have been found sufficient to attain diffusion, and a lapse of 


1 This paper is no. 18 of the series on Physiological Ontogeny. 

? The phrase ‘“‘cardiac output’? when used in these papers means the amount of 
blood expelled by the heart in a minute. If the calculation is made in terms of the 
surface area of the body, the phrase ‘‘cardiac index’’ (C7) is used 
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eight or ten seconds thereafter sufficient, before return of the blood t 
the lungs (3, 4). To be certain these conditions are fulfilled, three sample: 
are taken in succession; if the results derived from the first and second 
samples and from the second and third samples are reasonably similar, 
the test is regarded as having been correctly made (5) (fig. 1). In this 
study three or four samples were always taken; those tests were considered 
satisfactory in which the difference in the result from samples A and B, 
and that from B and C was less than 12 per cent of the average of A and C 
Closer agreement was not found possible. Such checks are especially 
important in elderly persons. In the first 45 normal subjects the mean 
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Fig. 1. The method of control of tests of gas samples for measuring cardiac output 

A. Subject II, 40 years; 4 samples were taken at 15(A), 20(B), 25(C), 30(D) 
seconds of rebreathing. 

B. Subject XCII, 83 years; 3 samples were taken at 17(A), 22(B), 27(C) seconds 
of rebreathing. 

Fig. 2. The cardiac index in normal men over 40 years of age. 

@ individual observations. 


regression of cardiac index on age, for 100 men, aged 40 to 89 vears, 
twenty in each decade, extended ---------- to include 3 men over 89 years, with curves 
of standard error of estimate. 
* Average in normal men aged 21 to 35 years, Grollman (1). 


deviation of the results of samples A and B or B and C from the average 
of A and C, was 4.7 per cent. 

In the early experiments four samples were taken in succession. In a 
few subjects, measurements were made on succeeding days; no significant 
deviations appeared. 

ReEsULTs are reported in several ways’ a. Fhe mean value of the cardiac 
index in one hundred men from forty to eighty-nine years, separated in 
decades or half decades, ranged from 2.40 to 2.17 liters; in the series of 
one hundred men taken as a whole, it was 2.26 liters (table 1, fig. 2). These 
values resemble the average 2.2 liters found in young men of twenty to 


3 References to the statistical methods employed are given in preceding paper (2) 
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TABLE 1 
Veasurements of certain circulatory phenomena: data fo 


cardiac index 


F B | Bs 
> Zz = = ~ ref 
| tate 
40-44 56 | 283 | 72.6, 3.9 | 2.0 | 70 | 35 (118110 78 7214.80 107.2 
II; 7O | 263 | 64.2:3.9' 2.3 & 33 110100 76 7013.91 129.2 
III 56 | 286 | 68.6 4.8 2.7 86 48 104 96 62 5414.31115.5 
IV 62 | 264 | 57.6, 4.9 | 2.6 | 79 $2 128118 80 7613.30 122.5 
\ 66 | 265 | 58.2: 4.6 | 2.5 | 71 38 136120 0 8012.10 84.9 
VI 60 259 50.6 5.1 2.8 85 $5 115115 70 6413.50128.7 
VII 58 233 8.34.0 2.5: 69 13. 100 90 7O 7012.80 98.7 
VIII 64 211 | 61.7) 3.4 | 2.2 | 53 | 33 112114 70; 7012.39 107.5 
IX 56 | 274 | 65.8: 4.2 | 2.0 | 75 35 126110 92 8015.80 109.2 
X | 66 | 242 | 62.7; 3.9 | 2.1 | 59 31 (110100: 76 7014.0 (111.9 
45-49 XI 58 235 | 58.4: 4.0 | 2.3 | 69 39 124140 84 8612.38 100.1 
XII 68 | 265 | 57.7 4.6 2.4 68 36 130120 82 8611.90 94.1 
54 221 49.4, 4.5 | 2.3 | 83 136106 82 8015.30 107.5 
XIV | 66 | 243 | 57.3) 4.2 | 2.5 | 64 38 122114 80 7014.30 104.2 
XV 56 263 | 60.3) 4.4 | 2.3 | 79 12 106106 76 7615.10123.1 
70. | 245 | 47.7) §.1 | 2.7 | 7 | 39 |110: 62: 5614.10 108.7 
XVII; 60 295 | 54.6 5.4 2.8 90 46 116100 70 6815.40117.9 
XVIII 54 214 | 65.9) 3.2 | 2.0 | 59 37 124116 86 8211.99 108.9 
XIX | 62 | 257 | 55.2) 4.7 | 2.4 | 76 | 39 (120106) 80 7214.95 88.7 
XX | 60 | 225 | 60.5 3.7 | 2.3 | 62 37 118120 80 7811.80 88.4 
50-54 XXI/| 62 | 231 | 58.6] 3.9 | 2.0 | 63 | 32 |104108 62: 7213.80 99.6 
XXII | 64 | 270 | 69.4: 3.9 | 2.1 61 33 154150 88 9012.95 91.9 
XXIII} 55 | 238 | 4.2 | 2.5 | 76! 46 (110/110; 60 6011.41113.5 
XXIV! 66 | 218 | 58.0'3.8 2.2 58 | 34 148148 90 9014.80 122.9 
XXV_ 58 | 218 | 68.6 3.4 2.0 59 34 120115 80 6013.80 106.9 
XXXVI! 82 | 248 | 58.6) 4.1 | 2.2 | 50) 28 (116116, 74 7614.05 96.9 
XXVII| 57 | 257 | 59.8 4.3 | 2.3 75 39 85 8014.50 95.7 
XXVIII 60 | 214 | 55.3 3.9 | 2.6 65 43 (110110 85 8010.99 99.2 
4 5A 311 | 71.2) 4.4 | 2.3 | 81 42 (125112 70 7015.00 123.2 
sh. 60 | 253 | 65.5' 3.9 | 2.3 | 65 | 39 110100 74 6411.65115.1 
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TABLE 1—Continued 
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160 1380 108 9015.00 118.: 
120116 80 7612.81 107.! 
108 102 66 66.14.50 102. 
104 100, 70) 72 12.60 113.§ 
90 100 68 68 14.10 101.% 
140118 78 7012.39 105 

124110 96 74.14.00 
126116 86, 86.15.60 105.5 
130 128 82 8013.70 
156 152 90 15.60 838 
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XLVI 
XLVII 
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LI 

LII 
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106 106 70 13.40 
110 100 64 12.51 109 
140 128 78 13.70. 
170 150 86 14.40 95 
140 130 86 14.75 129.3 
114 102 66 16.25 125.! 
120 104 6015.01 96.5 
134 126 82. 84:14.80111.¢ 
116110 80 7015.20 
100, 94 62 12.05 100.% 
102 95 50.12.05 100.§ 
132 116 70 15.30:108 

128 120 78'12.50,118. 
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65-69 LIV 
LV 
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LVIII 
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140 136 80 13.78 106 .! 
146 118 60 14.65 116.‘ 
140 118 78 13.90 120 
110 120 80/12.15 85 
140 140 80 15.10 118 
140 130 7211.00 98.‘ 
124 126 54 14.95 118 
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2 ze a HEART 
| 
egal oo 
ee. ce. liens liters Co. ce. 
55-59 60 58 30 
57 63 36 
63 67 34 
72 61 | 35 ) 
18 92 51 
64 56 | 32 D 
56 16 | 58.9 7 0 | 66 36 ) 
18 5 | 66.8 3 | 92) 48 D 
57 4 47.7 3 3 | 41 ) 
74 | 375 | 56.2 9 4 | 66 | 32 
50 | 245 | 55 5 | 88! 51 
62 | 224 | 63 
72 | 232 | 50 
78 | 255 | 54 
58 | 237 | 61 
64 263 62 
68 | 290 | 60. 
52 | 229 | 66. 
54 | 244 | 60 
60 209. 68 1 | 57 | 35 
54 | 209 | 51 6 | 76 48 ) 
58 | 226 | 61 0 | 64, 35 | 
68 | 212 | 51. § | 63 | 36 
52 | 272 | 65.2) 4.2 .2 | 81 42 ) 
64 213 | 61.2) 3.5 1 55 | 33 
52 | 255 | 62.6) 4.1 1,79 |) 45 
63 240 59.3) 4.1 65); 38 
60 | 274 | 54.7) 5.0 8&8 10 
63 | 238 | 59.3; 4.0 5 | 63 10) ) 
50 | 220 | 68.5 3.2 0,64 39 j 
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TABLE 1 Continued 
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120118 68 6414 
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160 150 KS 12 
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150 150 8014.79 
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150 140 8015.20 115 
180160 82 14.99 103.5 
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110,112 1612.40 99.1 
180. 180 70 17.90 156 
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130)120 6013.70 118 
178) 184 88 14.10 101 
150/136 70 14.10 
170) 144 20.00 157.2 
140/130 8013.80 116 
160) 150 7614.90 
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TABLE 1-—Concluded 


BLOOD PRESSURE 
MILLIMETERS Hg 
X-RAY OF 
HEART 
Dias- 


tolie 
tolic 


4$LOOD 
BODY S8UR- 


GROUP SUBJECT NO, 


METE 


FACE PER MINUT 


WITHOUT CORRECTION FOR BA- 
OUTPUT 


ROMETER AND TEMPERATURE 


TER OF BODY SURFACE 


ARTERIO-VENOUS OXYGEN DIFFER- 
SQUARE 


OXYGEN CONSUMPTION PER MINUTE 


PULSE RATE PER MINUTE 
CARDIAC OUTPUT PER MINUTE 
CARDIAC INDEX (OUTPUT PER 


Transverse diameter 


Right arm 
Left arm 
Cardiac area 


SYSTOLIC 
Right arm 


cm 
cm 


130 132 70 72 12.80 109 
140140 78 7811.79 82.: 
195195 85 8514.00 100.5 
130 124 74.11.60 108 
188 190 80.12.75, 
164140 86 7613.30 99.5 


XCV 
XCVI 
XCVII 
XCVIII 
XCIX 
C 


— bo 


— bo 


90-101 CI 22: 9; 3. ¢ 33 124.110 68 14.90 104 
CII 3.6 170174 80 8213.80 101 
56 8.8 3.4 | 136130 64 5811.70 69 


thirty years (1). The mean index is slightly higher in this group in the 
years from 40 to 69 years than was observed by Grollman in young men. 
After 70 years it is the same. 

The range of variation in each age group was approximately the same, 
except for the wider range in the ninth decade (figs. 3, 4, table 2). The 
smallest index observed in the entire series was 1.7; the greatest, 2.9 liters. 
In the entire scatter, the range is greater than +0.3 liter, given by Groll- 
man; but Grollman’s results were derived from a group of medical students 
unusually homogeneous as to age and social station. The better trained 
and the more uniform the group, the more likely is it, natually, to yield 
uniform values. The range of the scatter in this series may have been 
due to the random selection of the sample; in any case it was not great. 
In the three men, ninety-one and one hundred and one years of age, the 
cardiac indices were 1.9, 2.1 and 2.3 liters. 

The standard deviations in the different age groups on the whole varied 
only moderately (table 2, figs. 3, 4). The largest in the 5-year classes 
was +0.38 liter or +16.6 per cent and occurred in the group aged eighty- 
five to eighty-nine years; otherwise, it varied from +7.6 to +12.2 per cent. 
For the one hundred men it was +0.26 liter or +11.5 per cent of the mean. 

b. A curve drawn to represent the facts shows that there is a general 
trend according to which the cardiac index declines slightly with age when 
the mean values of the age groups are joined (figs. 3, 4). The decline 
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TABLE 2 
analysis of 


a in table 


rs 


ORKRELA 


co 
ICIENT OF VARIATION 


mean Oy 


NUMBER OF SUBJE( 

Standard deviation 

Stundard ert 

COEFFICTENT OF 


Minimum 
Maximum 


years rs liters liters ite 


10-44 
15-49 
50-54 
55-59 
60-64 
65-69 
70-74 
75-79 
SO-S4 
85-89 
90-94 
101 


276 0.092 
2140.071 


186 0.062 


bo 


228 0.076 
244 0.071 
173 0.071 
261 0.075 
223 0.091 
267 0.074 
377 0.169 
10 0.10 


40-49 
50-59 
60-69 
70-79 
SO-89 
90-101 


248 0.057 
197 0.045 
222 0.051 
255 0.058 
3140.072 
163 0.116 


> 


wo 


1c 


10-89 100 2.9 2.260.261 0.026 —(). 1862 +0.09651.9 Not significant 
40-101 103 2.92.26 0.261 0.026 ) —0. 2039 +0.0944 2.2 Significant 


appears progressive when the whole population is considered and is then 


presented by a straight line (fig. 2). If all the cases in the age span forty 
to eighty-nine years are treated together, the equation for the decline is: 


CI = 2.49 — 0.0035 XK A 


A = age in years 
When = 40, then CJ = 2.35 liters; 
90, then CJ = 2.17 liters 


The decline during the 50 year period is, accordingly, 0.18 liter or 7.3 per 
cent. For each decade the decline is ac¢ordingly 0.035 liter or 1.5 per cent 
The coefficient of correlation of age and index, —0.1862 +0.0965, 
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13) 2.0 69.280 10.7 
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2.0 5.290 

14, 1.8 72.190 12.2 

6 1.8 92.270 16.6 

2| 1.9 12.0 0 5.0 
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20° 2.0 38 0 10.4 

1.8 220 8.9 

20 2.0 28 0 9.7 

20; 1.7 .210 11.5 

20; 1.8 210 14.2 

3.1.9 100 7.8 
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indicates that the two follow an inverse relation; but it is not sufficiently 


high to be significant. If the results of the entire series, including the 
three men over eighty-nine years, are correlated with age, the coefficient, 
—().2039 +0.0944, is significant. The regression equation then would be 


CI = 2.49 — 0.0036 x A 


When A = 40, CI = 2.35 liters; 
A = 90: CI = 2.17 liters; 
A = 100, CI = 2.13 liters. 


The amount and rate of decline is the same as in the curve of 100 men, 
aged forty to eighty-nine years. 


Cardiac index 


===8 


Standard deviation 


70. 80 90 100 40 50 
Age 


Fig. 3 Fig. 4 

Fig. 3. Cardiac index in normal men over 40 years of age, divided in 5 year groups. 

Hollow rectangles with solid dots represent the mean of 5 year classes, + standard 
error of mean of age and of cardiac index. 

Fig. 4. Cardiac index in normal men over 40 years of age, divided in 10 year 
groups. 

Hollow rectangles with open dots represent the mean of 10 year classes, + standard 
error of mean. 


c. Though the general trend of the cardiac index is downward, the mean 
values if plotted at five or ten year periods indicate that inflections in the 
curve may exist (figs. 3, 4). The decline appears to be steeper in the forty 
to fifty-five year period. Then the rate of decline becomes arrested, the 
decline appearing less orderly when viewed in five year periods, more 
orderly in ten. The average index in the 20 subjects in the eighth decade 
and in the 3 subjects over 90 is the same, 2.21 liters. The changes from 
one to the next period are slight; accordingly the coefficients of correlation 
are not significant (table 2). The absence of a uniform slope throughout 
the period forty to one hundred and one suggests, though, that the meas- 
urement of more cases is desirable. Since the measurement of the cardiac 
index in Grollman’s method depends on knowing the volume of oxygen 
consumed, there should be a relation between the decline in the rate of 
metabolism and a decline in the cardiac index. 


28 
26 
© 
4 24 a 
2 2 
© 
Lf 
@ 
Percent & Her 
02 10 |2= pe 02 
Stange 422 Salt § 22° 
# Yes 40 50 60 60 70 80 0 100 ¢ 
Age 


CHANGES WITH AGE IN CARDIAC OUTPUT IN ADULT MEN 


The measurement of the volume of the cardiac index, according 
Fick principle, involves the relation of two potentially variable fun 
the oxygen consumption or numerator, and the arterio-venous ox 
difference, or denominator, in an equation. The method of cal 
reflects the conception that variation in the index follows directly, « 
in oxygen consumption; but inversely, changes in the arterio-venou- 
oxygen difference. Since in young men the arterio-venous oxygen 
difference varies little, the index in them varies directly and quantitatively 
with oxygen consumption (7, la). Should the arterio-venous oxygen 
difference undergo change in men of older ages, however, the index would 
no longer be expected to run parallel with oxygen consumption. In the 
100 men representing the 50 year period from 40 to 89 years, who form 
the basis of this study, the arterio-venous oxygen difference declined 3.2 
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Variation from average value 


Fig. 5. A curve showing the probability that the observed cardiac index is normal 
expressed as variations from the average value in men over 40 years of age 

* The phrase used for this expression by Ezekiel (8) is the ‘‘probability of specified 
departure’ from the average value. 

Note: When in an individual the cardiac index differs 0.65 liter from the aver 
age the chances are only 1:100 that this measurement is normal. 


per cent, while the consumption of oxygen fell 9.3 per cent. According 
to the straight line equation for the cardiac index, the decline Was 7.3 pet 
cent. The regression of index on age seems to be the result chiefly of the 
regression in consumption of oxygen. 

The standard error of estimate for the men, 40 to 89 years, is 0.259 
liter per square meter per minute. The chances of being average depend 
upon variation from average values based on the standard error of esti- 
mate (fig. 5). 

Discussion. In view of the very small decline in the cardiac index 
from forty to eighty-nine years of age, it is clear that the heart can maintain 

4 Tf like changes occur in consumption and in utilization the cardiac index remains 


uninfluenced. Unequal changes in the two obviously affect the volume of the 
cardiac index. 
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under basal conditions, so far as this function is concerned, a fairly constant 
level of activity until very late in life. In one man at all events, of 101 
years, it met a demand for the same amount of blood as is customary in 
younger men. Obviously greater experience of this function in men of 
this age group is necessary than has been gained so far. 

It appears that the decline in index occurs not solely as a consequence 
of age but as a result of the decline with age of the consumption of oxygen. 
In calculating the “cardiac output’? Grollman (la) has assumed that the 
surface area provides a suitable object of reference. In any event exper- 
ience has shown that the index is proportional to the surface area in the 
same sense as is the consumption of oxygen. These calculations have all 
assumed constancy in the area, structure, and function of the skin. With 
this reservation the results are taken to present values for the cardiac 
index in normal men according to their age. They indicate that the index 
declines 1.5 per cent per decade. 

The changes which have been studied relate solely to the basal state. 
Naturally, it is not under such conditions that capability is measured. Ca- 
pability is measured when the body operates under stress. What Meltzer 
called factors of safety are then brought into play. The influence of 
exercise, of abnormal affections and of disease requires to be studied before 
insight into the reserve capacity of the heart is secured. Obviously old 
men do not and perhaps cannot do what younger ones can—-alterations 
in other circulatory functions may in a collateral way account for changes 
in the activity of the heart, even under basal conditions. 


SUMMARY 


1. The cardiac index has been measured in 100 normal men, 20 in each 
decade from 40 to 89 years, and in addition in two men of 91, and one of 
101 years. The index declines 0.18 liter (7.3 per cent) during this period 


or in each decadé-O-seiter (1.5 per cent). The correlation is negative 
and is —0.1862 + 0.0965. It is not significant. But if the entire series 
of 103 men is utilized it is —0.2039 +0.0944 and is significant. The rate 
of decline is almost the same. 


2. The mean values in succeeding decades or half-decades suggest that 
the rate of decline of the curve is not straight but is arrested for a time 
after 55 years. To smooth the curve more observations are required. 
Variations in each age group exist as in younger men. In any 5 or 10 year 
group the maximum deviations from the respective means were 21.6 and 
27.1 per cent. The coefficient of variation of the means varied from 
8.3 to 16.6 per cent. 

3. For the entire series (40 to 101 years) the mean is 2.26 liters per 
square meter per minute; the standard deviation is 0.26 (11.6 per cent of 
the mean) and the standard error of the mean is 0.026. For the evenly 
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distributed group of 100 men the results are unchanged; the 


was 2.26 liters, the standard deviation 0.26 (11.5 per cent of 
the standard error of the mean 0.026, and the standard error « 
0.259 liter. 


1. The decline in cardiac index follows chiefly upon the declins 


oxygen consumption since the influence of change in arterio-venou 
difference is relatively small. 

5. Though the measurement of the index indicates slis 
the work of the heart under basal conditions, there remain to be cor 
sidered other functions which are involved in changes in cardiac activity 
with age. 
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The adrenalectomized opossum, unlike other animals (cat, rat, dog) 
suffering from adrenal insufficiency, shows no diminution but rather a rise 
in serum sodium and chloride levels following operation (Silvette and 
Britton, 1936). It has been suggested that this is a species difference 
dependent upon a type of kidney which responds to adrenalectomy by 
a diminished rather than an increased excretion of sodium chloride. The 
following experiments were designed to test this hypothesis and also to 
shed light on the effect of ingested salt and water and of injected post- 
pituitary and cortico-adrenal hormones on renal excretion in this animal 
type. Female opossums were observed before and after operation in 
all cases. A preliminary fasting period of 24 hours was observed. The 


chemical and operative procedures used have been previously described 
(Silvette and Britton, 1936). 

Resvuuts. When normal opossums received by mouth 100 ec. per kilo 
body weight of 1 percent sodium chloride solution, they excreted in 24 hours 
about 60 per cent of the ingested water and 85 per cent of ingested salt 
(table 1, A). The same animals under similar conditions were subse- 
quently injected with 1 ec. of post-pituitary solution (Squibb)* and their 


responses noted. It was observed that the hormonal treatment caused 
an increase in both the rate and absolute quantity of urine excreted, 
starting very shortly after injection. Almost 75 per cent of the ingested 
water was eliminated, and about 95 per cent of the ingested salt (table 
1, B). The animals were then adrenalectomized, and when early adrenal 
insufficiency developed (as evidenced by weight loss), they were placed 
once more in metabolism cages. A striking inability to excrete ingested 
salt and water was noted: less than 30 per cent of the ingested water and 


' Grateful acknowledgment is made of aid received from the Rockefeller Foun- 
dation. 

2. R. Squibb and Sons Scientific Fellow in Physiology. 

3 Containing 5 International units per cubic centimeter. Furnished through the 
kindness of Dr. John F. Anderson of E. R. Squibb and Sons. 
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correspondingly small quantities of salt were elimina 
When such adrenalectomized animals were given post-pituitary 
in addition to sodium chloride solution, however, a restoration of 
urinary excretion, both in respect to volume and composition, 
served (table 1, D). 

It may be noted from table 1 that the concentration of 
and chloride per cubic centimeter of urine did not differ 
throughout the various experiments. The volume of wat 
however, varied remarkably, and so influenced the total 
chloride output. With respect to urea excretion, howe 


was different. The amount of urea excreted per cubic centimeter of 


TABLE 1 


Effect of post-pituitary liquid on the renal secretion of normal and adre 


Opossu ms 


URINARY EXCRETION PER KILO BOD 
NUMBER 
OF ANI- URINE Sodium 
MALS IN VOLUME 
SERIES 


SERIES* 


Total 


ec. 
ce./kgm mgm, mgm. 

Normal, P. 6144.6 5.313244 
Normal, pituitary- 

injected, P.F 
Adrenalectomized, 

P.E. 28+4.0 4.61 12942: 
Adrenalectomized, 

pituitary inject- 

ed, P.E. 6 6545.1 4.743084+15.8 7.82 507424 7.42 481436 
* All animals given 100 ec. 1 per cent NaCl solution per kilo body weight per day 

Metabolic period, 24 hours. 


varied inversely with the fluid output, so that daily urea nitrogen excretion 
was fairly constant under all conditions. 

Post-pituitary liquid was observed to increase the rate of urine excretion 
in the opossum. Normal animals kept in metabolism cages for three 
successive days were fed 100 cc. of 1 per cent sodium chloride solution per 


kilo body weight per day. They excreted, on the average, 49 ec. of urine 
the first day, 94 ec. the second, and 72 ec. on the third (table 2, A). A 
series of adrenalectomized animals under the same conditions excreted 


35 ec. of urine on the first day, 71 on the second and 99 on the third (table 
2,B). The total 72-hour excretion in the two series was, therefore, almost 
the same—215 ec. and 205 ce. respectively. Apparently in the absence 
of the adrenal glands the opossum kidney does not excrete ingested fluid 
at the normally rapid rate, for during the first day an oliguria supervenes 
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while diuresis does not occur until the third 24-hour period. When 
adrenalectomized animals were given post-pituitary solution along with 
sodium chloride solution, a return to the normal condition was observed, 
i.e., diuresis occurred on the second day (table 2, C). From these ex- 
periments it appeared that the difference between a, normal; b, adre- 
nalectomized untreated, and c, adrenalectomized post-pituitary-treated 
opossums in 24-hour metabolism tests are those involving rate of urine 
secretion. 


TABLE 2 


Effect of adrenalectomy and post-pituitary solution on the rate of water and salt 


elimination in the opossum 


AVERAGE DAILY URINARY EXCRETION PER KILO 
NUMBER BODY WEIGHT 


DAY IN 
OF ANI- 
SERIES* METABOLISM ' 
MALS IN Sodium 


Chlorides 
SERIES 


Volume 
Per ce. Total Per ce. Total 
mgm. mgm. mgm. mgm. 
A. Normal : Ist ¢ 5.19 254 9.02 442 
2nd 3.94 371 6.50 611 
3rd 4.68 337 7.62 549 


Average 46 40 


Adrenalectomized Ist 
2nd 
3rd 


Average 


Adrenalectomized, pi- ‘ Ist 
tuitary-injected 2nd 4.36 
3rd 5.61 


Average 77 4.1¢ 314 499 


* All animals given 100 ce. 1 per cent NaCl solution by mouth per kilo bodyweight 
per day; urine collected at end of 24, 48 and 72 hours. 


In order to determine whether the responses observed in the above 
experiments held true for different salt concentrations, hypotonic sodium 
chloride (0.1 per cent) was employed in another series of animals kept in 
metabolism cages for 24-hour periods. Normal opossums were given 
orally 100 ce. per kilo body weight of this hypotonic solution per day. 


They were found to excrete on the average 77 per cent of the ingested 
water and more than 80 per cent of the salt (table 3, A). Adrenalec- 
tomized animals excreted 82 per cent of the water, all of the orally-admin- 


5:31 
B. 35 4.40 154 6.95 243 
71 4.17 296 6.67 173 
99 3.62 358 5.84 579 
68 3.99 269 6.35 $32 
C. 286 
688 
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istered sodium chloride, and an appreciable amount of the tissue salts as 
well (table 3, B). Thus it appears that when hypertonic salt solution 
is ingested, the adrenalectomized opossum does not eliminate excess salt 
(see preceding paragraph and table 1, C); when in contrast hypotoni: 
saline is ingested, the animal is apparently unable to, or at least does not, 
prevent sodium chloride loss. 


Adrenalectomized opossums given simultaneously 0.1 per cent sodium 


chloride solution and post-pituitary liquid excreted approximately twice 
as much sodium and chloride as did unoperated untreated controls (table 
3, C). In contrast, adrenalectomized animals given saline solution to- 
gether with cortico-adrenal extract excreted much less salt than did the 


TABLE 3 
Effect of cortico-adrenal extract and post-pituitary solution on renal secretion 


in the opossum 


URINARY EXCRETION PER KILO BODY WEIGHT 
NUMBER 

OF ANI- | URINE Sodium 

MALS IN VOLUME 
SERIES 


SERIES* 


Per 
ec. 


Total 
ce. /kgm. mgm. mgm mgm 

Normal, P. E 77+5.1 0.38294 5.1 0.68 524 
Adrenalectomized, 

P.E. ¢ 2+5 5444+ 4.6 0.91754 
Adrenalectomized, pi- 

tuitary-injected, 

P.E. Q2+4-7 70 644 +17 7 68 706+92 


Adrenalectomized, 
cortico-adrenal ex- 
tract, P.E. 0.26214 4.1 0.49394 6.8 9.10 727434 
* All animals given 100 ec. 0.1 per cent NaCl solution by mouth per kilo body 
weight per day; metabolic period 24 hours. 


untreated adrenalectomized animals (table 3, D). In fact, from the 
standpoint of both volume and inorganic composition, the urine of these 
animals was very similar to that of the unoperated controls. Cortico- 
adrenal extract administration led to the excretion of a relatively large 
amount of urea, for although the fluid output remained almost stationary, 
the concentration of urea per cubic centimeter of urine rose from the 
control level of 7.05 mgm. to 9.10 mgm. per cc. 

Discussion. According to recent findings, injection of post-pituitary 
solution is followed by a brief diuresis and then a more lasting antidiuretic 
effect. No antidiuretic phase was observed, however, after injection of 
such solutions into the opossum. At first glance it would seem that, 
since administration of post-pituitary extract to adrenalectomized animals 
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fed 1 per cent sodium chloride solution leads to an increase in (or a return 
to normal) renal excretion, the case is one of true replacement therapy. 
But adrenalectomized opossums given 0.1 per cent saline lose more salt 
than normal animals under similar conditions, and when simultaneously 
treated with pituitary solution, they lose even greater amounts. Such 
hormonal injections therefore appear to have only a coincidental beneficial 
effect; when conditions happen to be favorable, they may overcome the 
renal insufficiency which follows upon adrenal removal. The effect of 
cortico-adrenal extract on salt excretion in the adrenalectomized animal 
is, in contrast, a specific one. When sodium chloride loss is abnormal, 
injection of adrenal extract leads to diminished salt excretion and a re- 
sultant saving of sodium chloride in the organism. 

Administration of post-pituitary solution to adrenalectomized animals 
had no effect on urinary nitrogen excretion as evidenced by the urea 
output. Inno experiment did this material increase the amount of urea ex- 
creted per cubic centimeter of urine. On the other hand, injection of cortico- 
adrenal extract led to a marked unit-volume increase in urea eliminated. 

The total amount of urea excreted by normal or adrenalectomized 
animals, with or without pituitary liquid, is independent of the fluid 
volume. The amount of sodium chloride excreted is, on the contrary, 
a direct function of the urine volume. The difference observed in the 
excretion of salt and of urea is suggestive. It would indicate that the 
adrenalectomy does not affect all the functions of the kidney. Urea 
excretion is apparently unaffected by the absence of the adrenal hormone. 
And since the amount of salt excreted by the adrenalectomized salt-fed 
opossum varies directly with the water output, the renal deficiency would 
seem to be limited to a partial inability to excrete, or a retention of, water. 
The urea concentrations observed lead to the belief that glomerular filtra- 
tion is unaffected. An increased tubular reabsorption of water would thus 
appear to occur in the absence of the adrenal glands. 


SUMMARY 


Adrenalectomized opossums given 1 per cent NaCl solution by 
mouth show a remarkable inability to excrete the ingested salt and water. 
Within 24 hours only 35 per cent of the Na and Cl were eliminated, in 
contrast to 85 per cent excretion by the normal controls. The concentra- 
tions of Na and Cl per cubic centimeter of urine did not differ significantly, 


however, from conditions observed in the normal animal. 

Administration of post-pituitary solution to adrenalectomized opossums 
under the same conditions led to considerable increases in water and salt 
excretion, even beyond the amounts eliminated by normal animals. Post- 
pituitary solution also caused increased salt and water output in normal 
animals. 
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foregoing series. The concentration of urea per cubic cent 
varied inversely with the quantity of fluid excreted. 

When adrenalectomized opossums were given 0.1 per cent NaCl solution 
by mouth they excreted more water and salt than normal animals under 
the same conditions. Administration of post-pituitary extract to 
adrenalectomized animals led to a further increase in water, Na and 
excretion. 

The injection of cortico-adrenal extract to adrenalectomized opossums 
given hypotonic (0.1 per cent) NaCl solution resulted in marked reduction 
in Na and Cl excretion. In comparison, it may be stated, untreated 
adrenalectomized opossums lost through the kidneys about 100 per cent 
more NaCl than the extract-treated animals. 

It would appear from the results that post-pituitary injections may 
lead under some conditions to a detrimental loss of Na and Cl from the 


body. In contrast, cortico-adrenal extract appeared beneficial in adrenal 
insufficiency by conserving sodium and chloride at normal values. 
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The total daily urea excretion was approximately similar in all t} 


THE RATE OF DISAPPEARANCE OF INTRAVENOUSLY AD- 
MINISTERED DEXTROSE IN THE HUMAN SUBJECT 


M. PIJOAN anv J. G. GIBSON, II 


From the Surgical and Medical Clinics of the Peter Bent Brigham Hospital, Boston, 
Massachusetts 


Received for publication August 18, 1937 


The purpose of this investigation was not to determine by what mecha- 
nism dextrose is metabolized, but rather to ascertain the quantitative rela- 
tionship of its net loss from blood stream to the total amount present in the 
circulation. The rate of its disappearance might then be an index as to 
whether it was stored or utilized through metabolism as measured by re- 
spiratory quotients. The net amount of dextrose in circulation was meas- 
ured by determining the plasma volume and the amount of dextrose as 
grams per cent. In measuring the plasma volume we used the method 
developed by Gibson and Evans (1937) in which the plasma volume is 
determined by the introduction of a blue-azo dye (Evans Blue, Eastman 
Kodak Co.), and the red cell volume measured by proportion of plasma to 
red cells (hematocrit). Blood sugar determinations on plasma were car- 
ried out by the colorimetric ferricyanide method of Folin, in which the 
color measurements were carried out by the use of the Evelyn colorimeter 
(1936). Occasional associated studies were made on the blood lactic acid 
and the inorganic phosphates. 

The following experiment which is described in detail was confirmed in 
four other normal human subjects. The subject (M.P.) was placed at 
complete rest in the supine position for 1 hour. During the entire pro- 
cedure and immediately following the experiment, all the urine was col- 
lected. Following the one hour of rest several basal respiratory quotients 
were determined by collecting samples of expired air in a Tissot spirometer 
with an aliquot sampling device attached. The determinations of oxygen 
and carbon dioxide were carried out by the use of Haldane-Boothby ap- 
paratus. The usual precaution was taken by checking the apparatus 
before each experiment by performing an analysis of outdoor air. Follow- 
ing two or three basal determinations on the subject, a sample of blood was 
withdrawn from a large vein in the antecubital fossa and studies were made 
from this sample of blood. Subsequent to this 10 cc. of a 2 per cent solu- 
tion (10 mgm.) of dye (Evans’ blue) was administered and the blood 
volume determined. On each sample of blood withdrawn repeated stud- 
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ies on the blood chemistry were carried out. Fifty cubic centimeters of a 
50 per cent solution of dextrose (25 grams) were then given intravenously 

To circumvent effects due to emotional disturbances from repeated veni- 
punctures only one puncture was made and the lumen of the needle kept 
unobstructed by a flow of 1 cc. saline per minute. By the use of dry 
syringes repeated samples for blood volume and blood sugar determinations 
were taken every 30 seconds for 2 minutes and subsequently every 5 to 
10 minutes for a period of 4 hour following the injection of dextrose. By 
this method we could calculate the amount of dextrose present in the cir- 
culating plasma volume. The results are presented in table 1. 


TABLE 1 


Disappearance of intravenously administered dextrose from the circulating plasma 
50 ec. of a 50 per cent solution (25 grams) 


AMOUNT TOTAL 


PLASMA FROM PLASMA 
cc. "al gra m3 grams 

8:45 Basal 3,170 0.10 3.17 0 0 0.77 
8:50-8:53 Dextrose, 25 grams (intravenously) 

8:54 1 3,293 0.25 8.22 19.95 87.5 0.77 
8:55 2 3,305 0.25 8.31 19.95 87.5 0.75 
8:56 3 3 ,287 0.25 8.22 19.95 87.5 0.78 
8:57 4 3,215 0.22 7.08 21.09 88.13 0.78 
8:58 5 3,201 0) .22 7 06 21.11 88.15 0.78 
9:10 17 3,219 0.19 6.03 22.14 88.74 0.81 
9:18 25 3,024 0.166 5.08 23 .09 89.17 0.81 
9:30 37 2,987 0.165 4.92 23 .25 89.25 0.79 


Total urine output during course of experiment was 280 cc. and contained 1.8 
grams of dextrose. 


From the table it can be seen that 87.5 per cent of the added dextrose 
was removed from the circulating plasma within 4 minutes from the time 
of injection and that 89.25 per cent had been withdrawn at the end of 36 
minutes. There was no rise in the respiratory quotient of any significance 
until 36 minutes had elapsed. We were particularly struck by the rapid 
removal of dextrose from the circulation after such an excess had been 
given intravenously. Since experiments of Soskin and his co-workers 
(1935) show that dextrose was primarily stored in the liver and secondarily 
in the other body tissues, with some of the dextrose possibly entering the 
red cells, the capacity of the organism to store this carbohydrate is a highly 
efficient one. The failure of the respiratory quotient to rise significantly 
would point to this view, and as there was an increase in blood lactates 
the slight change in respiratory quotient cannot necessarily be ascribed to 
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the metabolism of dextrose. The depression of the inorganic phosphates 


following the administration of dextrose previously noted by num«e 


-rous 


investigators is of interest as it is probably associated with glycogenesis.'! 
The slight increase in plasma volume (4 per cent from the basal value) 
following intravenous dextrose and its subsequent dimunition (5.6 per 
cent from the basal value) may be the result of changes in viscosity due to 
an increased concentration of this carbohydrate. 
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1In order not to detract from the purpose of this communication we have pur- 


posely deleted the associated biochemical changes. 
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Reports by Eagle, Britton and Klein (1932), Indovina (1933) and Baena 
(1934) that adrenal cortical hormone administration to animals, forced 
to run, increases the time required for complete exhaustion and thus 
enables performance of more work, and that by Hitchcock and Grubbs 
(1937) showing an increase in the efficiency of muscular work in man 
following administration of this hormone, have aroused interest in the 
possibility of demonstrating other effects on the neuromuscular functions 
of normal animals. The spontaneous running of rats in rotating cages 
suggested itself for study, particularly since Durrant (1924) and Richter 
(1936) have found this activity to be markedly reduced by complete 
adrenalectomy, this effect being due to a loss of cortical and not medullary 
tissue according to Ingle and Harris (1936). Richter was able to restore 
partially the normal activity level by the oral administration of Grollman’s 
charcoal adsorbate of the adrenal cortical hormone. The present paper 
presents the results of administering this and other preparations of the 
hormone on the spontaneous activity of the unoperated albino rat. 

Metuops. Albino rats of the Slonaker-Wistar strain were used, their 
ages at the beginning of the experiment being 207 to 273 days. The same 
animals, except for a few replacements, were used throughout the investi- 
gation which lasted from August 1936 to April 1937. 

Spontaneous activity was determined by means of the rotating cages 
described by Slonaker (1907 and 1908), the cyclometers being read daily 
at the same hour. The cages containing the females were spaced far 
enough away from those containing the males to prevent estrous phe- 
nomena influencing the activity of the latter (Slonaker, 1935). A dry 
diet, based on corn meal (70.9 per cent), with addition of linseed oil cake 
(9.7 per cent), alfalfa meal,(1.9 per cent), casein (9.7 per cent), biotol (4.9 
per cent), bone ash (1.4 per cent), sodium chloride (0.5 per cent) and wheat 


* Acknowledgment is made of the donation by Dr. H. Molitor of the Merck Insti- 
tute of Therapeutic Research of the Grollman absorbate used herein; and by Parke, 
Davis and Company of a portion of the Eschatin. 
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germ (1 per cent) was available to the animals for about three hours 
each morning. The sodium content of this diet was 0.37 per cent, the 
potassium content, 0.40 per cent. Water was constantly available to 
the animals. 

Three preparations of adrenal cortical hormone were administered in 
successive experiments: 

1. A Grollman charcoal adsorbate, prepared by the Merck Institute 
for Therapeutic Research. The material was intimately mixed ina mortar 
with finely ground liverwurst and weighed aliquots given to the rats at the 
end of their 21-hour fast. The animals always took the masses promptly. 
We are thus assured that each animal actually ingested the amount of 
adsorbate assigned to it each day. A dose of 0.16 gram per rat per day 
was given in the first experiment, a dose of 0.32 gram per rat per day in 
the second. Control animals received in liverwurst a quantity of the 
charcoal adsorbent (Norit) equal to that given to the treated animals. 

2. Eschatin, a Swingle-Pfiffner extract prepared by Parke Davis and 
Company. Two cubic centimeters were injected intraperitoneally daily. 
Each control received 2 cc. 0.5 per cent phenol (the preservative of the 
Eschatin) in 0.9 per cent NaCl daily. 

3. The Adrenal Cortex Extract prepared by the Wilson Laboratories. 
One cubic centimeter of this material was injected intraperitoneally daily. 
Controls received 1 cc. 1:100,000 merthiolate (the preservative of this 
extract) in 0.9 per cent NaCl daily. 

The three preparations were subjected to bioassay on a single strain of 
rats following the method of Grollman (1936), but using a low salt diet. 
On the assumption that the quantity of a preparation yielding a mean 
weight increase of 1.5 grams per rat per day contained } rat unit, the 
potencies of the preparations were: Grollman adsorbate, 3.18 rat units 
per gram; Eschatin, 0.16 rat unit per cubic centimeter; Wilson’s Extract, 
0.40 rat unit per cubic centimeter. 

In each experiment, equal numbers of rats received the hormone prepa- 
ration and control material. All available animals were arranged in order 
of activity during the pre-administration control period; the odd-numbered 
rats were made controls and the even-numbered rats received the prepara- 
tions. Thus, each group contained as far as possible equal representation 
of very active, moderately active and relatively inactive individuals. 

Resutts. In table 1 are presented the number and sex of treated and 
control animals in each experiment, the dose of hormone preparation 
administered, and the average activity level (in revolutions per rat per 
day) in each period. In table 2 are given the durations of the pre-ad- 
ministration control, the administration and post-administration periods. 
During the first two experiments, those on the charcoal adsorbate, the gen- 
eral activity level tends to decrease progressively in all groups of animals. 


ADRENAL CORTICAL 


TABLE 1 


EXTRACT AND SPONTANEOUS ACTIVITY 


Effect of adrenal cortical hormone preparations on spontaneous activity 


PRE-ADMIN- 
ISTRATION 
PERIOD 


ADMINISTRATION 
PERIOD 


Change 

from pre- 
adminis- 
tration 


Activity Activity 


Grollman adsorbate (0.5 rat unit per day) 


rev. per day rev. perday per cent ret 


Males: 
Controls 
Treated 

Females: 
Controls 
Treated 


,068 
342 


—9.1] 3,251 
—18.0 2,878 


,279 
,332 


—7.6 


—6§.9 


5,845 
6,802 5,492 


Grollman adsorbate (1.0 rat unit per day) 


Males: 
Controls 
Treated 

Females: 
Controls 
Treated 


10 
10 


4,614 
4,112 


3,039 


—34.1 
— 30.0 


4,619 
4,637 


— 36.5 
—60.8 


817 


Eschatin (0.32 rat unit per day) 


Males: 
Controls 
Treated 

Females: 
Controls 5 2,624 
Treated 4 2,136 


401 
, 160 


103 


, 187 


10 2. 
2 


10 


216 
,993 
Wilson’s extract (0.40 rat 


unit per day) 


Males: 
Controls 
Treated 


348 
130 


TABLE 2 


Duration of periods in experiments 


PRE-ADMIN 
ISTRATION 
PERIOD 


ADMINISTRA 
TION PERIOD 


PREPARATION 


Grollman adsorbate (0.5 rat unit per day) 
Grollman adsorbate (1.0 rat unit per day) 
Eschatin 

Wilson’s extract 


per day 


POST-ADMINISTRATION 
PERIOD 


per cent 


—29.4 
29.4 


POST-ADMIN 
ISTRATION 
PERIOD 


539 
RATS Change 
Activity | bre- 
tration 
6 4.075 3 
5 19 3 
2,198 —46§.5 
l 2,096 54.8 
-12.4 2,067 13.9 
+1.2 2,411 $11.6 
—15.5 3,047 +16.1 
—6.7 2,249 
10 2 1,97] 7.0 2 365 +11.0 
dau day lay 
16 19 10 
22 21 22 
1S 15 15 
23 20) 17 
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This is characteristic of rats in this period of life and is unrelated to the 
administration of our hormone and control preparations. The activity 
remains practically constant during the latter two experiments. 

The results of all the experiments may be summarized by the statement 
that no statistically valid differences between the effects of the adrenal 
cortical hormone preparations and of the control preparations on activity 
were found. Such differences as did occur were about equally divided 
between increases and decreases in the treated animals as compared with 
their respective controls. However, the variability in performance of 
the animals in any group is so great as to prevent slight effects from ap- 
pearing. Thus, the apparent decrease in activity produced by 1 ce. of 
Wilson’s extract, as shown by a 7.5 per cent fall in mean activity as com- 
pared with an increase of 7.6 per cent in the controls, is one which could 
have occurred 45 times in 100 in random sampling of a population in 
which no such factor was acting (Fisher’s method for small samples). In 
the post-administration period, no statistically valid effects of the adminis- 
tration of these products were manifested. 

It may be concluded that the administration of these preparations of 
the hormone of the adrenal cortex in doses of 0.32 to 1.0 rat unit per day 
failed to exert any effect on spontaneous activity sufficiently marked to be 
demonstrable by a technique with as great inherent variability as that 
here employed. 

Discussion. The question may be raised as to whether the doses of 
hormone preparations which we have given actually raised the concentra- 
tion of the hormone in the body fluids above normal. Apart from the 
probability of a greater rate of destruction and excretion under the con- 
ditions of administration employed, it is possible that the rate at which 
the animals’ own adrenal glands secrete the hormone is decreased when 
additional quantities are provided from external sources. Thus, thyroxine 
is known to cause atrophy of the normal thyroid gland (Gray, Haven and 
Loeb, 1927). To be certain of achieving an abnormally high concentration 
of the hormone in the body fluids, one would have to administer quantities 
greater than the gland secretes normally. This is probably about 3.5 
rat units per day, the amount found by Grollman (1936) adequate to 
maintain an adrenalectomized adult. A comparison of our doses with 
this requirement is made difficult by our use of a low salt diet in assay, a 
procedure which increases the size of the unit. Even so, they doubtless 
fail considerably short of the quantities needed for certain hormonal excess. 

It has been frequently emphasized that the adrenal cortical hormone’s 
action is most evident under conditions involving induction of fatigue or 
other unfavorable states. Thus, Hitchcock and Grubbs (1937) report 
that while the hormone has little effect on basal oxygen consumption, it 
increases the efficiency of muscular work in man in greater degree as the 
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work is made more strenuous. In contrast to conditions in which work 
is imposed and fatigue develops, the spontaneous activity of an animal in a 
rotating drum, in which the running is not motivated by success in finding 
food or other reward, is a self-limiting function. Presumably, as soon 
as any aspect of central nervous system activity on which running depends 
becomes significantly depressed, that running stops. The alsence of 
serious departures from normal in the animal’s economy renders menifes- 
tation of the corrective action of the adrenal cortical hormone impossible. 

In view of these considerations, we do not consider the negative findings 
herein reported as conflicting in any sense with the positive reports of 
those workers who have observed beneficial effects under conditions of 
imposed vigorous exercise. 


SUMMARY 


The spontaneous activity of normal albino rats in rotating cages is not 
significantly altered by administration of moderately large doses of various 
preparations of the hormone of the adrenal cortex over periods of two to 
three weeks. The self-limiting nature of this form of exercise prevents 
the development of fatigue, a condition apparently necessary to the exhibi- 
tion of the beneficial influences of the hormone in general bodily activity. 
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The fact that the adrenal cortex influences respiratory metabolism is 
well established. Among the investigators who have reported a lowered 
respiratory metabolism in double adrenalectomized animals may be men- 
tion Aub, Forman and Bright (1922); Kaiwa (1932); Webster, Pfiffner 
and Swingle (1932); and Harrop, Weinstein, Soffer and Trescher (1933). 
The two groups of investigators last mentioned have also shown that the 
lowered oxygen consumption which follows double adrenalectomy can be 
restored to normal by the administration of adrenal cortical extract. 
Koehler and Hastings (1929) reported that adrenalin free extracts given 
orally raised the metabolism of dogs and mice and exerted a calorigenic 
effect upon human subjects who had a low metabolic rate. On the other 
hand Franke (1932) found that subcutaneous injections of cortical extracts 
caused a diminution of the basal metabolism of dogs. Favorable effects 
of cortical extracts upon work capacity have been reported by Eagle, 
Britton and Kline (1932); Barilari (1933); and Ingle (1936). 

Mertuop. We have investigated the effects of the intravenous or sub- 
cutaneous injection of large doses of adrenal cortical extract on the oxygen 
consumption of normal human beings. The respiratory metabolism of 
the various subjects was measured by the Tissot-Haldane technique /, 
under basal conditions; 2, while the subjects were standing erect for a 
five minute period, and 3, while they were walking on a treadmill at the 
rate of 100 meters per minute for a ten minute period. Walking at this 
rate raises the oxygen consumption to a level of from four to five times the 
basal requirement and is therefore at the lower limit of the zone which 
Dill (1936) has designated as hard work. 

The amount of extract given the various subjects varied from 1 to 4 ce. 
(1 ce. equals 10 to 20 C.U.). In control tests injections of normal saline 
were usually given. Two series of experiments have been carried out 
using twelve different subjects upon whom a total of more than sixty tests 
were run. 

RESULTS AND Discussion. The first series of experiments were carried 
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out on eight subjects (five males and three females). The effects of cortical] 
extract upon the basal oxygen consumption of this group are shown in table 
1. Each subject had been receiving a subcutaneous injection of 0.5 ec 
of the extract twice daily for three or four days preceding the tests, the 
results of which are tabulated under the heading ‘During extract.” The 
results which are tabulated under the heading ‘‘After extract’? were ob- 
tained in tests that were run at least a month after the administration of 
extract had been discontinued. Six of the eight subjects showed a lower 
basal oxygen consumption during the administration of extract than 
either before or after. However the differences are very small, the average 
for the group being only about 1 per cent lower during the administration 
of extract than for control tests. This is scarcely large enough to be 
considered significant. 


TABLE 1 


The effect of adrenal cortical extract on basal 0, consumption 


BASAL CONSUMPTION 


SUBJECT SEX 
Before extract During extract After extract 
. per minute cc. per minute ‘ per minute 
K. B. F. 185 180 187 
M. 239 212 236 
F, 199 153 153 
F. H. M 218 215 218 
S. H. M. 230 218 220) 
M. M. F. 189 183 185 
R. M. M. 255 238 241 
iG. =. M 248 237 223 
Average 214 205 208 


The standing and walking tests were run under the same general con- 
ditions as the basal tests. The results of the tests run while the subjects 
were standing erect are shown in table 2. The oxygen consumption is 
increased about 20 per cent above the basal level. Again six of the eight 
subjects showed a lowering of the oxygen consumption during the adminis- 
tration of the cortical extract. Both subjects who failed to show this 
effect were females and with them the effect may have been masked by 
variations in metabolism that are known to accompany the menstrual 
cycle. The lowering of the oxygen consumption was of greater magnitude 
here than in the basal tests. The average for the group was a little more 
than 10 per cent lower during the period that extract was being adminis- 
tered than in control tests run before and after the extract. 

Table 3 gives the oxygen consumption of the same subjects while walking 
on the treadmill both before and during the administration of the cortical 
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extract. Due to circumstances beyond our control we found it impossible 
to conduct a series of control tests after the extract had been discontinued. 
The oxygen consumption during the administration of extract was lowered 
in all but one subject, the average difference for the group being about 
15 per cent. 


TABLE 2 


The effect of adrenal cortical extract on the standing O. consumption 


STANDING CONSUMPTION 


SUBJECT SEX 
Before extract During extract After extract 
cc. per minute cc. per minute cc. per minute 
x. B. F. 231 213 204 
M. 27: 254 276 
D. D. F. 235 186 253 
F. H. M. 263 251 269 
S. H. M. 271 226 251 
M. M. F. 22% 223 213 
R. M. M. 286 263 288 
G:F: M. 318 287 308 
Average. 263 238 258 


TABLE 3 


The effect of adrenal cortical extract on Oo consumption during walking 


Os CONSUMPTION 


SUBJECT SEX PER CENT CHANGE 
Before extract During extract 
cc. per minute cc. per minute 
K. B. F. S11 611 —24.7 
J. M. 957 715 —25.3 
D. D. F. 944 747 —20.8 
M. 1,037 924 -10.9 
S. H. M. 977 783 —19.8 
M. M. F. 810 697 —14.0 
R. M. M. 1,148 1,183 +3.0 
Gh M. 1,031 997 —3.3 
Average. 964 832 —15.9 


The subjects used in this first series of experiments were untrained in 
such experiments. Most of them had never walked on a treadmill before. 
Part of the reduction in oxygen consumption, especially during walking, 
might therefore be the effect of training. In order to control this factor 
and to determine the effect of variation in the dosage and the duration of 
the effect after the administration of extract was discontinued, a second 
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series of experiments was carried out. No females were used as subjects 
in these experiments since we felt that the variations in metabolism which 
are known to accompany the menstrual cycle might complicate the results 
(Benedict and Finn, 1928; Hitchcock and Wardwell, 1929 In this 
second series of experiments control tests were run at intervals of one week 
until two determinations were obtained which checked within 3 per cent 
Basal and standing tests were run in this series of experiments Just as Was 
done in the first series. The results obtained verified the conclusions 
reached as a result of a consideration of the first series and added nothing 
new, therefore they are not reported in detail. 

The results of the walking tests on the four subjects who were studied 
most extensively are shown graphically in figure 1. F. H. showed a marked 
depression of oxygen consumption following the administration of extract 
This subject was given 1 cc. of the extract intravenously about four hours 
preceding the first extract test. Administration of extract was begun two 
days before the second extract test. One quarter of a cubic centimeter 
was given subcutaneously twice daily, and finally 1 cc. was given intra- 
venously four hours preceding the test. This procedure resulted in the 
lowest oxygen consumption ever observed with this subject. Four cubic 
centimeters of the extract were given intravenously four hours before the 
last extract test. This massive dose (equal to about 60 C.U.) produced 
no greater fall in the oxygen consumption than did the 1 ec. dose used in 
the first extract test. A series of control tests run after the last injection 
of extract showed a gradual tendency for the oxygen consumption to return 
to normal although the final test which was run more than three months 
after the last injection gave a result still well below the figures obtained 
in the original control tests. 

The results obtained with R. H. are in general the same as for F. H. 
and therefore need no comment. With R. A., however, the extract seems 
to have increased rather than decreased the oxygen consumption. The 
results are exactly the opposite to those obtained with F. H. and R. H. 
The explanation of these atypical results may be the fact that R. A. had 
received a series of injections several months before these experiments. 
It is possible that an immunity or some other type of resistance may have 
been built up in this subject as a result of these previous injections. The 
experiments on the subject F. B. were designed to test this hypothesis. 

The first extract test on this subject shows the effect of the intravenous 
injection of 1 cc. of an extract of very low cortin content. In spite of the 
fact that this extract contained an almost negligible amount of the vital 
hormone there was a noticeable lowering of the oxygen consumption. 
After two more control tests a series of three extract tests was run on alter- 
nate days. One cubic centimeter was given intravenously before the first 
test and 3 ce. of the regular extract was given subcutaneously twice a day 
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thereafter. The injections were discontinued about eighteen hours before 
the third and last extract test of this series. The following week a control 
test was run and then the next week 1 ec. of the strong extract was given 
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Fig. 1. The effect of adrenal cortical extract on the oxygen consumption of normal 
human subjects while walking on a treadmill at the rate of 100 meters per minute. 
Extract was given intravenously four hours before the test. In buildup doses small 
subcutaneous injections were given twice daily for two days preceding the test with 
an intravenous injection given four hours before the test 


intravenously. This caused a rise rather than a fall in the oxygen con- 
sumption. The same procedure was repeated a month later with an even 
more pronounced rise in the oxygen consumption. These results seem to 
indicate that injection of cortical extract causes some physiological reaction 
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which results in later injections causing a rise rather than a fall in the 
oxygen consumption while walking. 

Hartman, Lewis and Toby (1937) have reported that the effect of 
cortical extract on electrolyte excretion is diminished or abolished following 
repeated injection of the extract. This reversal of the effect on oxygen 
consumption is more significant when considered in the light of their 
experiments. The effect of the extract on electrolyte excretion was studied 
in our subjects at the same time the respiratory metabolism was deter- 
mined. It was found that when the oxygen consumption was reduced 
there was invariably a retention of sodium and an increased excretion of 
potassium. However, in all cases where a rise in oxygen consumption 
followed the administration of extract this effect on electrolyte excretion 
was much diminished or abolished. 

The effect on oxygen consumption may or may not be due to the vital 
hormone. The fact that the ability of an extract to reduce oxygen con- 
sumption while the subject is doing light work does not run parallel to its 
cortin content, would seem to indicate that we are dealing with some other 
factor than the vital hormone. However at the present time we can do 
nothing more than theorize on this point. 

Another point that is worthy of comment is that the prolonged after- 
effect on oxygen consumption noted in these experiments is similar to the 


after-effect on conditioned reflexes in sheep noted by Liddell, Anderson, 
Kotyuka and Hartman (1935). This suggests the possibility that we are 
dealing here indirectly with an effect on the nervous system. Most of 
our subjects reported subjective effects characterized by greater relaxation 
and an increased tendency to sleep. Such a condition might very well 
result in a general decrease in muscle tonus and so cause a decrease in 
oxygen consumption. 


SUMMARY 


Experiments on the effect of adrenal cortical extract on the oxygen 
consumption of normal human beings in which more than sixty tests were 
carried out on twelve different subjects showed that: 

1. The extract produced no significant effect on the basal oxygen con- 
sumption. 

2. The oxygen consumption while standing erect was significantly re- 
duced in nine out of twelve subjects after the administration of extract. 
This depression averaged nearly 6 per cent. 

3. There was a still greater depression of the oxygen consumption while 
the subjects were walking on a treadmill at the rate of 100 meters per 
minute. This occurred in ten of the twelve subjects and averaged about 
10 per cent. 

4. The effect on the oxygen consumption was not always parallel to 
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the content of vital hormone of the extract and therefore may be due to 
some other factor. 

5. The effect is both cumulative and persistent and some evidence is 
presented to show that repeated injections of the extract cause a reversal 
of the effect. 
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The fact that the adrenal cortex has an essential r6le in maintaining 
skeletal muscles in working order is unquestioned. It is not so certain 
that the administration of extracts of the cortex to a normal animal modi- 
fies its ability and willingness to perform physical work or the efficiency 
with which the work is performed. The pertinent literature has been 
reviewed in the foregoing papers by Hall and Miiller (1) and by Hitchcock, 
Grubbs and Hartman (2). Our work has been in collaboration with the 
latter authors and their cortin preparations have been used exclusively. 
In addition to studying performance in muscular work of about the in- 
tensity used in their experiments, we have employed two higher grades 
of activity. In one of these the oxygen consumption was about 7 times 
basal, and in the other the work intensity was such that the highest at- 
tainable level of oxygen intake was reached in about 3 minutes; exhaustion 
usually terminated the experiment within 5 minutes. The nature of the 
observations made is apparent from the figures; references may be made 
to earlier publications (3) for description of the methods used. 

Four subjects have been employed, all of whom were accustomed to 
walking and running on our motor-driven treadmill. The subject came 
to the laboratory in the fasting state, and observations of pulse, blood 
pressure, basal metabolic rate (B.M.R.), etc., were made before exercise 
was begun. 

In the first series of experiments a weak extract, 2 to 3 cat units per cc., 
was administered in doses of } ec. twice daily to 2 subjects and a strong 
extract, 40 to 80 units, was administered in the same way to 2 other sub- 
jects. Seven injections were given to each in 33} days. In the second 
series of experiments, carried out several weeks later, the strong extract 
was administered at the rate of 3 cc. twice daily to each of the same 4 men. 

In the first series of experiments the post-injection B.M.R. seemed to 
be related to the level before injection. Where the basal oxygen intake 


1 Research Fellow of the National Culture Foundation of Poland. 
549 


to 
is 
al 
8, 


~~ 


990 VLADIMIR MISSIURO, D. B. DILL AND H. T. EDWARDS 


approached or exceeded the standard, the injection of the extract, whether 
strong or weak, was followed by a small reduction.in oxygen intake (sub- 
jects L. E. and J. L.).. Two subjects had a low initial B.M.R. Of these, 
D. B. D. received the strong extract and showed no appreciable change; 
S. R. received the weak extract and exhibited a rise in B.M.R. The larger 
doses of strong extract were followed by a slight drop in B.M.R. in 3 sub- 
jects after 4 to 9 injections (fig. 1). After the injections were stopped, the 
basal oxygen intake of the subjects showed no uniform variations. 

The easiest work, walking with no grade for 15 minutes at 5.6 km. per 
hour, raised the oxygen consumption to 4 times the basal value. In 3 
cases there was a greater oxygen consumption after 9 injections, } cc. each, 
of the strong extract. The increase was appreciable in relation to the 
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Fig. 1. Basal metabolic rate in relation to the daily injection of 40 to 80 cat units 
of cortin for 5 days. Observations were continued for 3 weeks after the period of 
injection. 


level of oxygen consumption reached in this grade of work before adminis- 
tration of the hormone. In the post-injection period the oxygen require- 
ment for this work dropped for all our subjects much below the original 
level but eventually rose nearly to the original level (fig. 2). It is well 
known that carbohydrate is a more efficient fuel than fat, and it occurred 
to us that this might have some bearing on the greater efficiency with 
which easy work is carried on after cortin administration. However, no 
close correspondence between the oxygen consumption in these experi- 
ments and the proportion of energy derived from carbohydrate was re- 
vealed by measurements of the R.Q. | 

The more intensive work, walking at 5.6 km. per hour on an 8.6 per cent 
grade, raised the oxygen consumption above 1.5 liters per minute. In 
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both series of injections, whether of strong or weak extract, a slightly de- 
creased oxygen requirement was observed in 3 of the 4 subjects. D. B. D 
was an exception; in the first series he showed no change and in the second 
series, an increase. The most strenuous work, running at 11.2 km. per 
hour for 4 to 5 minutes, was not rendered easier by cortin administration 
in most of the experiments with cortin there was a tendency toward a 
decreased oxygen intake in the last minutes of work; there certainly was 
no greater capacity for oxygen intake nor for anaerobic work (fig. 3 
The concentration of lactic acid in blood during work sometimes in- 
creased less after cortin. We are not inclined to attach significance to 
the differences observed, since training can affect the lactic acid level 
considerably. The fact that lactic acid concentration cannot be raised 
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Fig. 2. The oxygen requirement in standardized easy work during and following 
the injection of 40 to 80 cat units of cortin daily for 5 days. 


to a higher level as a result of cortin administration indicates that the 
capacity for accumulating an oxygen debt is no greater, at least so far as 
the lactacid mechanism is concerned. No uniform differences in the 
blood sugar concentration were observed which could be related to cortin 
in either the moderate or the severe work. 

No decided change in number of red cells during rest or work was pro- 
duced by cortin injections. On the other hand, some rise in the whole 
number of white cells in rest in two subjects, J. L. and 8. R., took place: 
in subject J. L., 6,500 to 7,150, and in subject S. R., 6,600 to 9,650. These 
changes arose entirely from an increase in number of neutrophiles: in 
subject J. L., 2,600 to 3,700, and in subject S. R., 3,830 to 4,730. Increase 
in number of neutrophiles after cortin administration is similar to the 
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effect described by Corey and Britton in animals (4). The post-cortin 
effect on lymphocytes in rest was insignificant and irregular. Increase 
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Fig. 3. The rate of oxygen consumption and the heart rate in maximal work of 4 
minutes’ duration. These experiments were carried out on J. L. before and imme- 
diately following the injection of 40 to 80 cat units of cortin daily for 5 days. 
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Fig. 4. The blood pressure in recovery from maximal work. 


in the whole number of white cells after exercise arose independently of 
cortin administration from an increase in the number of lymphocytes. 
\ A lower level of blood pressure after the completion of work seemed to 


be a characteristic effect of cortin administration (fig. 4). In spite of 
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individual differences in systolic and diastolic pressure, this type of change 
was found in all cases. The time required for return of the pressure to 
the initial level was in general shorter after cortin injections. The char- 
acter of the changes in pulse pressure was the same as before injection. 

The heart rate during work recorded by the cardiotachometer was quite 
similar to the heart rate before cortin administration. The rates for 
corresponding times during work were nearly identical (fig. 3). 

Our data on functional changes and efficiency during work do not allow 
us to draw any very far-reaching conclusions about the influence of cortin 
on the processes of muscular activity. None of the subjects reported 
subjective symptoms either in rest or in work. The objective differences 
shown by our subjects in their reactions to cortin may be related to the 
individual balance of nervous and humoral regulation. Future research 
on the réle of the adrenal cortical hormone in physiological activity will 
probably have to pay considerable attention to the functional constitution 
of the subjects used. 

We consider that the small irregular changes observed in B.M.R. gen- 
erally confirm the latest observations of Hitchcock and Grubbs (5) on 
men, as well as the results of Riddle, Dotti and Smith (6) on pigeons; in no 
case have significant changes been found in basal metabolism. 

The effect of cortin administration which appeared during muscular work 
in our experiments was less striking than the report of Eagle, Britton and 
Kline (7) that there may be an increase in the capacity of trained dogs 
for work of long duration of over 100 per cent. The decrease in oxygen 
intake during easy work in the post-injection period was relatively smaller 
and occurred at a later time than in the experiments of Hitchcock and 
Grubbs (5). A slightly increased oxygen consumption in easy work during 
the injection period preceded a decrease in the post-injection period (fig. 2). 
After a more or less pronounced decrease in oxygen consumption during 
easy work which lasted, depending upon the subject, from 5 to 22 days 
after the injections, the oxygen requirement of easy work rose to the 
initial level. 

While the time course of the effects of cortin administration differs from 
that reported by Hitchcock and Grubbs, we are inclined to attribute this 
to differences in the concentration and amount of hormone administered. 
Our results in moderate exercise may be considered as qualitatively like 
those of Hitchcock and Grubbs (5), Brack (9) and Gaarenstroom, Water- 
man and Laqueur (10). 

We have no evidence to decide whether the mechanism of this effect 
of cortin is related to some change in circulation, metabolism, or nervous 
regulation, or is influenced, as supposed by Hartman, by local changes 
in the muscles. More economical use of carbohydrate reserves or increase 
of efficiency of the metabolism in muscles has been suggested by Indovina 
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(11), but our measurements of R.Q. show no greater preferential utilization 
of carbohydrate after cortin. 

A more intensive study, including the determination of oxygen debt 
in relation to changes in oxygen consumption and lactic acid level in blood, 
may facilitate interpretation of the réle of the adrenal cortical hormone 
in muscular activity. A more detailed analysis of the relation of decrease 
in blood pressure after work to the well-known influence of cortin on the 
regulation of the systemic blood volume (12, 13) may be instructive. 
Finally, a comparison of a single massive dose with prolonged administra- 
tion should be made in view of the report by Bauer, Kunewialder and 
Schachter (14) that antihormones are sometimes produced after prolonged 
injection of certain hormones. 


SUMMARY 


The injection of 3 to 1 ce. daily for 3 to 5 days of Hartman’s cortical 
adrenal extract produced no striking effects in resting subjects. The 
efficiency with which easy walking was performed was increased for some 
days after the period of injection. The capacity for anaerobic work was 
not increased; the only notable effect in moderate or severe work was in 
the blood pressure during recovery. Without exception after administra- 
tion of cortin the blood pressure in the early stage of recovery was lower 
and the resting value was reached sooner. 
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The object of this investigation was to study the effect of the anterior 
pituitary on the sensitivity of structures to adrenine. Although numerous 
observations have been made on the relationship of the posterior lobe to 
adrenine (Trendelenburg, 1920) not many direct observations have been 
made on the influence of the anterior lobe. The work of Cope and Marks 
(1934), who studied blood-sugar changes after hypophysectomy, is sugges- 
tive of a depressed sympatho-adrenal activity in this state. They ob- 
served that although the hyperglycemic response to adrenine was intensi- 
fied during administration of anterior pituitary extract, its effect on blood 
sugar was practically abolished by hypophysectomy. These results were 
not correlated with the thyreotropic action of the anterior lobe. In the 
present research an attempt has been made to estimate the influence of 
anterior pituitary extract on the response of a test organ to adrenine and 
to determine whether its influence, if any, is exerted independently of 
other glands or is affected by the presence of the thyroid. Experiments 
have been performed on normal and thyroidectomized animals and the 
effects of anterior pituitary and thyroid extracts compared. 

MetuHops. Since in previous experiments (Sawyer and Brown, 1935) 
the chronically denervated heart proved a satisfactory test organ for the 
study of sensitivity to adrenine over a long period, it was again employed 
in the present investigation. Cats were used for all experiments and in 
each animal the adrenals were first inactivated under ether anesthesia by 
removal of one gland and denervation and demedullation of the other. 
At the same time the hepatic nerves were also severed. After several 
weeks the heart was denervated according to the method of Cannon, Lewis 
and Britton (1926). During the experiments heart rates were counted 
and recorded as previously described (Sawyer and Brown, 1935). Injec- 
tions were made through a needle inserted into the femoral vein, but an 
improved device was used to keep it from filling with blood while in place. 
Instead of the rubber cap used in the earlier experiments, the lower end 
of a discarded 1 cc. tuberculin syringe was fitted into the needle. The 
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barrel of this syringe was cut off so that it measured about 0.5 em., and 
it was beveled internally to receive a small rubber stopper of the type 
used to close vaccine bottles. By this means the capacity of the needle 
and stopper was cut down to less than 0.1 ce. The chief advantage of 
this device was that it formed a rigid system, prevented back flow of 
blood and completely eliminated blocking of the needle. A number of 
injections could be made through the rubber stopper during an experi- 
ment without disturbing the needle in the vein. 

The standard dose of adrenalin generally employed was 0.5 cc., 1:500,000, 
freshly prepared from the 1:1,000 solution by diluting with normal saline. 
In a few cases a weaker solution, 1:1,000,000, was used as well. The con- 
trol response of the heart of each animal to the standard dose was ob- 
tained by testing its reaction several times daily for a period of five days 
or longer. 

Anterior pituitary extract was supplied for these experiments through 
the courtesy of E. R. Squibb & Sons. It is subsequently referred to 
throughout this paper as APE. 

The thyroid preparations employed were a semi-purified thyroxin (EF. 
R. Squibb and Sons) and a desiccated thyroid (Parke, Davis). 

Resutts. Previous observations revealed that the response of the 
denervated heart of an individual animal to adrenine was quite constant 
from day to day, provided the animal was in a fasting condition and not 
excited at the time of injection (Sawyer and Brown, 1935). In these 
sarlier experiments, however, it was considered necessary to wait from 10 
to 14 days after denervation before beginning the control injections, in 
order to allow time for sensitization of the heart to take place. In the 
present investigation, in which as long a time as possible was desired for 
observations before risking regeneration of cardiac vagal fibers, it was 
found unnecessary to wait that length of time for the heart to become 
sensitized. The first control injections in some cases were made a few 
hours after denervation, as soon as the animal was out of ether, and in 
others within a day or two after the operation. The responses were 
tested thereafter over a period of 10 to 14 days. It was observed that the 
rise in heart rate within a day or two after operation, especially in the first 
half-minute after the adrenine injection, was approximately as great as 
that obtained a week or so later. Table 1 shows atypical case. Obviously 
the heart, if affected by denervation, becomes sensitized rapidly. 

In the case of cat 30, described in table 1, as well as in some others, the 
basal heart rate was higher immediately after the denervation than it was 
several days or a week later. It has, however, been repeatedly observed 
in the control injections that the response of the heart to adrenine in a 
given animal is the same regardless of whether the basal rate varies some- 
what from day to day or remains constant. It has also been noted during 
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a daily experiment, when several injections were made at 10- to 15-minute 
intervals, that the rise in heart rate was the same after each injection al- 
though the basal rate had increased slightly. For these reasons it was 
considered advisable to express the increases in heart rate as actual incre- 
ments over the basal rate and not calculate them as percentage rises as 
had been previously done (Sawyer and Brown, 1935). 

The effect of anterior pituitary extract. APE was administered to five 
animals after the response of each to the standard dose of adrenine had 
been established (figs. 1, 2, 3, 4 and 5). The extract was administered 
intraperitoneally, in daily doses of 6 to 8 cc., over a period of 7 to 14 days. 
During this time the response of the heart to adrenine was tested every 
few days. In four of the five animals the treatment with APE was fol- 
lowed by an increased sensitivity to adrenine. This increase, however, 
varied both in its amount and in the time required for it to develop. It 


TABLE 1 
Response of the denervated heart to intravenous injection of 0.5 ec. of 1:500,000 solution 
of adrenine. Cat 30. Heart denervation done on April 26 


HEART RATE EVERY 15 SECONDS 


Basal before Increase over basal in first minute following injectio 
asal before 


injection 
’ lst quarter 2nd quarter 3rd quarter 4th 


April 27 38 : 10 
April 28 10 , 10 
April 29 37 y 10 
April 30 37 ‘ 11 
May 1 35 11 
May 3 35 : 11 
May 8 34 il 


was not observed in any case during the first few days after the extract 
was begun. The earliest time after which a definite effect was noted was 
5 days (cat 4). In the three other animals (cats 12, 11 and 10) the in- 
crease was noted on the 6th, 8th and 10th days respectively. During the 
next few days in all cases the response showed a further increase. The 
difference between the increase in the number of beats during the first 
minute after the injection of adrenine, in the experiments with APE and 
in the control experiments, is shown in table 2. 

The increase in sensitivity to adrenine was greatest in cat 11 (fig. 3). 
In this animal the maximal rise in the first minute after adrenine was 18 
beats greater after 10 days of APE than it was in the control injections. 


The general reaction of the animal to adrenine was greatly changed during 
the experiment. In the controls its only obvious effect was acceleration 
of the heart and a slight pallor of the mucous membrane of the mouth and 
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Increases in Heart Rafe Produced by Adrenine 
(in 15-second intervals) 


\[9 days] 
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Each figure shows the action of APE on the adrenine response of the 


denervated heart before and after thyroidectomy, compared with the action of thy- 


roxine or desiccated thyroid. 
of the anterior lobe of the pituitary. 


key to the graphs given in the central space. 


Figures 5 and 7 show, in addition, the effect of removal 
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the skin of the nose, which in a minute had passed away. After APE 
the same dose of adrenine produced much more definite changes. Ther: 
was an extreme pallor of the mucous membrane and skin which lasted 
over a minute and then gradually changed to a bluish hue. The second 
minute after injection the animal was near collapse, with marked dyspnea 
This was accompanied by retching movements. The time taken for the 
effect to wear off was several minutes. In the other three cats smaller 
increases in sensitivity occurred and the marked changes in the general 
body response were lacking. 

These experiments, to test the effect of APE on adrenine sensitivity, 
could not be continued for a longer period than 14 days, as the supply of 
extract was limited. Within that period we could not determine whether 
the maximal increase had been reached; nor could we learn whether further 
administration would be followed by a remission of the response, as had 


TABLE 2 
Change in weight, basal metabolic rate (B.M.R.), basal heart rate and adrenine response 
after APE 


INCREASE IN HEART 


CHANGE INCREASE IN RESPONSE TO 
CAT NUMBER TIME APE IN INCREASE BASAL ADRENINE OVER 
> N D N CONTROL ESPONSE 
AFTER APE HEART RATE 
DURING MINUTE 


AFTER INJECTION 


days kgm. per cent beats per minute 


4 7 0.50+ 24 6 
13 7 0.20+ 20 7 
10 14 1.25+ 22 24 i) 
11 9 0.10+ 20 16 18 
25 13 0.20— 3 0 0 


been observed by Friedgood (1934) in studies of the metabolic rate of 
guinea pigs receiving APE. 

A definite increase of the basal heart rate also was observed after API° 
in the four animals which showed an increased adrenine response (table 
2). In the fifth (cat 25), which had been unresponsive to the extract, 
the basal heart rate was unchanged. As with the adrenine response, the 
effect of APE on the basal rate was not immediate but took several days 
to appear. The maximal increase usually was observed at the time of 
maximal adrenine response. 

Determinations of the basal metabolic rate were made on three of the 
above animals (cats 10, 11 and 25) before and after administration of APF. 
Increases of 20 and 22 per cent were observed in two (cats 11 and 10) 
but in the third, which had shown no increase of basal heart rate or 
adrenine response, the basal metabolic rate was unchanged (table 2). 
A small percentage of guinea pigs are likewise refractory from the begin- 
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ning to the thyrotropic effects of this anterior pituitary extract (Fried- 
good, 1934). 

Some increase of weight was observed during the administration of 
APE in four animals. In this respect cat 25 was again exceptional in 
that it showed no increase (table 2). 

The effect of thyroidectomy. It is possible that the stimulating action 
of APE on the basal rate of the denervated heart and on its sensitivity 
to adrenine is an indirect effect produced by changes in the activity of 
other glands. Evidence has been presented that both the basal rate and 
sensitivity can be affected by changes in the thyroid secretion (Sawyer 
and Brown, 1935). Furthermore, the APE used in the present research 
was known to have a thyrotropic component (Friedgood, 1934). Experi- 
ments were therefore made after removal of the thyroid to learn if the 
increased basal rate and adrenine sensitivity after APE were due to over- 
activity of this gland. In some of these experiments APE was given to 
the animals before and after thyroidectomy, and in others only after 
thyroidectomy. 

From three of the above animals (figs. 1, 2 and 3), which had shown an 
increased adrenine sensitivity and basal rate after APE, the thyroid gland 
was removed and the response to the extract again tested. After removal 
of the gland all three animals showed a decrease in the sensitivity to adren- 
ine, as had been previously observed by Sawyer and Brown. When the 
adrenine response was well below the control value, administration of APE 
was begun again. It was given in the same dose and continued for the 
same length of time as before thyroidectomy. In none of these animals 
was there an increase of the adrenine response as had previously been 
noted when the thyroid was intact. In two cats (4 and 11) the response 
decreased still further after the administration of APE, while in the third 
(13) it remained approximately the same as when the extract had been 
first injected. 

The objection might be raised to the above type of experiment in which 
APE was administered for two periods, that the animals became refractory 
after the first administration and would not respond to the second series 
of injections. To eliminate this possibility experiments were performed 
on three animals in which APE was given only after thyroidectomy. In 
these cats (5, 14 and 30) the thyroid was removed as soon as the control 
adrenine response had been established. APE was then administered for 
10, 8 and 8 days respectively. At the end of this time in all three animals 
the adrenine response was less than the original control, but it was slightly 
higher than the lowest value observed after thyroidectomy, before the 
APE injections were begun (figs. 6, 7 and 8). 

It is difficult to draw any definite conclusions regarding the effect of 
APE on the basal heart rate after thyroidectomy, since in this state it 
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varies often from day to day. In most cases, however, there is a slight 
increase after APE has been given for several days, although the change 
is less than that observed in animals with thyroids intact. For example, 
in cat 13 before thyroidectomy, administration of APE for 8 days raised 
the basal rate 20 beats per minute, whereas after thyroidectomy a similar 
dose of extract was followed by an increase of only 8 beats. 

The effect of thyroxine and thyroid feeding. Since the action of APE on 
the basal heart rate and sensitivity to adrenine appears to be dependent 
on the presence of the thyroid, it was considered advisable to compare the 
relative effectiveness of APE and thyroid administration as a means of 
increasing the adrenine response. Previously Sawyer and Brown found 
that the administration of thyroxine was followed by a slight increase in 
the sensitivity to injected adrenine. They used a semi-purified thyroxine 
which was very insoluble and was administered by mouth. It was tried 
in only two animals. 

To six of the ¢ats mentioned above (4, 13, 10, 11, 5 and 14), in which 
the effect of APE on adrenine sensitivity had been observed, thyroxine or 
a thyroid preparation was administered. In two of these animals (cats 
4 and 13) thyroxine was given orally in doses of 8 to 15 mgm. daily for 5 
and 14 days respectively. In animal 4 thyroxine produced a rise in the 
adrenine response of about the same order of magnitude as that produced 
by the APE (fig. 1), while in animal 13 no increase was obtained (fig. 2). 
In the other four cats desiccated thyroid, which is a much more soluble 
product, was used. It was given in doses of 128 to 264 mgm. for 8 to 14 
days. The desiccated thyroid in large doses proved to be a much more 
effective means of augmenting adrenine sensitivity than was thyroxine. 
In all four animals its administration was followed by a definite increase 
in the response to adrenine. This increase is shown in table 3; it is ex- 
pressed as the difference in the number of beats, in the minute immediately 
after the adrenine injections, between the control experiments and those 
with thyroid. Cat 11 is of special interest. As previously mentioned, 
this animal showed an unusually marked reaction to adrenine after APE. 
A similar response was noted after feeding desiccated thyroid for 14 days. 
At this time the injection of the standard adrenine again produced an 
extreme pallor of the mucous membranes which lasted several minutes. 
This was accompanied by dyspnea and vomiting movements. Cat 11 
was the only animal which showed such a severe reaction to adrenine after 
APE and thyroxine. 

Marked increases in basal heart rate took place in all the animals after 
administration of the desiccated thyroid. This rise is greater than that 
seen after APE (compare tables 2 and 3). 

The effect of ablation of the anterior lobe of the pituitary. An attempt was 
made to test the effect of ablation of the anterior lobe of the pituitary on 
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adrenine sensitivity. A number of animals were operated upon but only 
two survived for more than a few days. 

The method of ablation was as follows. A midline incision was made 
in the upper part of the neck and a dissection was done back to the hard 
palate and carried forward to the basi-sphenoid bone. Care was taken 
to separate the mucous membrane of the nasopharynx from the bone 
without puncturing it. At a point midway between the two auditory 
bullae and just anterior to them a small hole was drilled through the bone 
by means of a dental drill. The field was kept free of blood by suction. 
When the pituitary gland was revealed the anterior lobe was removed by 
suction. Probably a small portion of the posterior lobe was also removed. 
The most difficult part of the procedure was to keep the nasopharyngeal 
mucous membrane intact and thereby maintain asepsis. 


TABLE 3 


Changes in basal heart rate and adrenine response after thyroxine and desiccated thyroid 


INCREASE IN HEART 


TIME THYROID INCREASE IN BASAL HEART ae — 
ADMINISTEREL RATE AFTER THYROID 
MINUTE AFTER INJECTION 


CAT NUMBER 


days beats per minute 
4* 5 0 10 
13* 5 0 0 
10 9 36 9 
11 14 32 9 
5 8 32 30 
14 10 24 14 


* Animals given thyroxine (8 to 12 mgm.) daily; others given 128 to 264 mgm. 
desiccated thyroid daily. 


Cat 25, the only one which did not respond to APE, survived the re- 
moval of the anterior pituitary. In this animal, a week after the opera- 
tion, there was a lessening of the adrenine response. At the end of two 
weeks there was a still further decrease; it was then less than half of what 
it had been after the control injections (fig. 5). The diminished response 
persisted for another two weeks, when the animal was given desiccated 
thyroid for 4 days. This restored the adrenine reaction (dash line and 
circles, fig. 5) to practically that of the control experiments. A test made 
10 days later showed that response had again fallen to the low level seen 
previous to the thyroid feeding. 

The second cat which survived removal of the anterior pituitary was 
number 14, from which the thyroid was removed at the beginning of the 
experiment. In this animal there was the typical depression of sensitivity 
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after thyroidectomy. Subsequent removal of the anterior pituitary caused 
very little change in the response. 

Conc.usions. Previous evidence has shown that changes in the activ- 
ity of the thyroid results in changes in sensitivity to a standard dose of 
adrenine. From the above experiments it is obvious that APE also in- 
fluences adrenine sensitivity. Administration of this extract causes an 
increase in the heart response to adrenine, whereas removal of the anterior 
pituitary diminishes it. If the thyroid gland is removed, however, the 
stimulating action of the APE is abolished. It seems likely, therefore, 
that the anterior pituitary does not directly affect the sensitivity of the 
denervated heart to adrenine but acts on it by producing an increased 
activity of the thyroid. This supposition is supported by the fact that 
there is a close similarity between the action of APE and thyroxine and 
the fact that the extract causes an increase in the basal metabolic rate. 


SUMMARY 


A study was made of the effect of anterior pituitary extract on the 
response of the denervated heart to adrenine. 

It was found that the denervated heart undergoes no noteworthy 
change of sensitivity to adrenine after the first days following section of 
its nerve supply (table 1). 

In four of five cats the administration of anterior pituitary extract (APE) 
for 1 to 2 weeks was accompanied by an increase in the sensitivity of the 
denervated heart to a standard dose of adrenine (figs. 1, 2, 3, 4, and 
table 2). This increase did not appear for 5 to 8 days after the extract 
began to be administered. In two of four cats whose metabolism was 
determined, there were 20 and 22 per cent rises in the metabolic rate 
after APE (table 2). 

A marked increase in basal heart rate was also observed in the same four 
animals after APE (figs. 1, 2, 3, 4, and table 2). 

In three of the above animals the thyroid was removed. After this 
operation a second administration of APE caused no increase in the adren- 
ine response (figs. 1, 2 and 3). Similarly, in three other animals in which 
thyroidectomy was performed at the beginning of the experiment there 
was no increase in sensitivity to adrenine after APE (figs. 6, 7 and 8). 

APE caused a slight increase in the basal heart rate of the thyroidec- 
tomized animals, but its effect was much less than when the thyroid was 
intact. 

After the administration of thyroid there was a marked increase in the 
adrenine response of the denervated heart in five animals (figs. 1, 3, 4, 
6, 7, and table 3). In these animals thyroid feeding also caused a con- 
siderable increase in the basal heart rate (table 3). 
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Removal of the anterior lobe of the pituitary in one animal with the 
thyroid intact was followed by a definite decrease in the sensitivity of the 
denervated heart to adrenine (fig. 5). 


We wish to express our thanks to Dr. W. B. Cannon for his criticism 
and many helpful suggestions. 
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